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SECTION l. INTRODUCTION AND SUMMARY 

l.l SUMMARY DESCRIPTION 

The Brookhaven High Flux Beam Research Reactor (HFBR) is cooled, moderated, 
and reflected by heavy water. The nominal power is 40 MW. The core consists of 
28 curved-plate fuel elements of the MTR-ETR type. The fuel material is fully 
enriched uranium, alloyed in aluminum. The reactor is controlled by two sets of 
neutron-absorbing blades. There ar~ eight main control rods and eight auxiliary 
control rods. The reactor will be used for basic experimental research, partic
ularly that done with external neutron beams. Nine beam research facilities are 
provided in the reactor. In addition, seven irradiation facilities are provided 
for the exposure of small samples to either fast or thermal neutrons. 

At normal operating conditions the reactor primary system is pressurized 
to 200 psig by helium gas. The coolant temperature at the core inlet is l20°F 
and the temperature rise in the core is 14°F. The primary flow rate is 16,600 
gpm. The heat generated in the reactor is rejected to the atmosphere through 
heat exchangers, a light water secondary system, and cooling towers. 

The reactor is housed in a hemispherical containment building of 176 ft-8 
in. inside diameter. The building is constructed of steel, with a concrete 
foundation mat. Three basic floor levels within the building separate the 
various research and operating activities. 

1.2 PROJECT STATUS 

The reactor originated in a need for more intense neutron beams than are 
available from existing reactors. The greater neutron fluxes are needed to 
extend existing experimental techniques and to develop new experiments. Physics 
calculations were started in 1956 on a reactor to provide intense and high qual
ity external neutron beams of various energies from sub-thermal to several Kev. 
These studies culminated in early 1958 in the choice of the HFBR system, which 
is cooled, moderated, and reflected by heavy water, and in which the core is 
formed of standard plate-type fuel elements in a close-packed array (l.l). 

Following the appropriation of design funds for the HFBR, a project group 
of Brookhaven scientists and engineers was established to work out the prelimi
nary engineering design. The Lummus Company was selected in the spring of 1960 
to provide architect-engineering services, with assistance fr~m Combustion 
Engineering, Inc. on nuclear engineering matters. 

A Site Report (1.2) was prepared and submitted to the AEC in August, 1960, 
to permit a safety analysis of the reactor location. The site was reviewed by 
the AEC and by the Advisory Committee on Reactor Safeguards, and was approved 
subject to an improved containment of possible radioactive effluents from a 
reactor accident. These changes were made in the design. 

The HFBR Title I design report and cost estimate was submitted to the AEC 
by The Lummus Company in September, 1960. Detailed design work was started 
several months later and was largely complete by the end of 1961. 

A Preliminary Hazards Summary Report (1.3) was prepared and submitted to 
the AEC in May, 1961. The report was reviewed by the AEC and the ACRS in July, 
1961, and the conclusion reached that construction and operation of the HFBR 
would not present an undue hazard to the health and safety of either the general 
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public or the laboratory staff. 

Construction work was started in the fall of 1961 with the clearing and 
excavation of the reactor site. Work on the building foundations started at the 
end of 1961. The construction work is well along at this writing, with all 
major components received from the fabricators and in place in the reactor 
plant. The construction phase will be complete in the spring of this year 
(1964), and the reactor should be ready for fuel loading early in the fall. 
Full power operation is expected to commence by the end of 1964. 

1.3 PRINCIPAL CONTRACTORS 

The Lummus Company has provided engineering, procurement, and construction 
management services under contract with the AEC. Nuclear engineering services 
were provided by Combustion Engineering, Inc. under subcontract to The Lummus 
Company. The following list gives the critical reactor components procured by 
The Lummus Company, and the fabricator: 

Reactor vessel 

Thermal shield 

Experimental facilities 

Reactor internals 

Control rod mechanisms 

Nuclear and process 
instrumentation 

Main pumps 

Main heat exchangers 

J. B. Beaird Co., Inc. 
Shreveport, La. 

0. G. Kelley & Co., Boston, Mass., 
and CPC Engineering Co., 
Sturbridge, Mass. 

CPC Engineering Co., 
Sturbridge, Mass. 

Bunell Machine & Tool Co., 
Cleveland, Ohio 

Diamond Power Specialty Corp., 
Lancaster, Ohio 

Milletron, Inc., 
East Irwin, Pa. 

Pacific Pumps, Inc. 
Huntington Park, Cal. 

Southwestern Engineering Co., 
Los Angeles, Cal. 

The construction at the reactor site was carried out by several subcon
tractors to The Lummus Company. The following list gives the principal 
subcontractors: 

Site clearing and earthwork 

Civil and building 
(except steel dome) 

Steel building dome 

Cooling tower 

Mechanical work and 
reactor erection 

Electrical work 

c. L. Hough Co., Selden, N. Y. 

Malan Construction Corp., 
New York, N. Y. 

Graver Tank and Manufacturing Co., 
Chicago, Ill. 

Fluor Products Corp., 
Santa Rosa, Cal. 

Kaighin and Hughes, Inc. 
Toledo, Ohio 

Chas. A. Mulligan, Inc., 
Central Islip, N. Y. 
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Heating, ventilating, 
and air conditioning 

L. J. Aksman & Co., Inc. 
New York, N. Y. 

The fuel elements were designed by BNL, and the initial fuel contract was 
awarded to United Nuclear Corp., New Haven, Conn. Control rod blades were also 
designed by BNL and supplied by United Nuclear Corp. The fuel handling system, 
canal equipment, and special radiation instrumentation was supplied by BNL. 

1.4 SUMMARY TABLES 

A summary of the principal parameters and characteristics of the HFBR is 
given in Table 1.4-1. A list of the system components is given in Table 1.4-2. 
A pipe-line abbreviation list is given in Table 1.4-3. The component list is 
given here to provide a convenient reference. All of the components are 
labelled with letters and numbers, e.g., GA-101A for one of the primary pumps. 
Reference to a component in the text of the report is frequently made by giving 
the component number. This is convenient and unambiguous, but is burdensome 
for the reader who is not completely familiar with the plant. It is hoped that 
the component list given here will reduce that burden. 

Table 1.4-1 Table of HFBR Characteristics 

Power 40 MW (fission) 

Neutron flux 
Core, total epithermal 
Reflector thermal flux, max. 

Materials 
Coolant, moderator, and reflector 
Fuel 
Core structure, beam tubes 
Reactor vessel 
Primary pipes and process equipment 

Fuel element and core 
Type 
Uranium concentration in meat alloy 
Meat thickness 
C~adding thickness 
Standard plate thickness 
End plate thickness 
Plates per element 
Uranium enrichment 
U-235 loading per element 
Element length 
Element cross sect·ion dimensions 
Number of fuel elements in core 
Active core height 
Active core volume 
Internal irradiation volume 
Equivalent diameter of core 
Total U-235 loading 
Water-to-metal volume ratio 
D/U-235 atom ratio 
Al/U-235 atom ratio 
Cycle time for 20% burn-up 
Reflector thickness 
Neutron lifetime 
Delayed fraction, including photoneutrons 

15 -2 -1 -1.6 x 10 -~ sec 
7 x 1014 cm sec-1 

D20 
U-235-Al alloy 
6061 aluminum 
6061 aluminum 
stainless steel 

MTR-ETR, curved-plate 
30 wt% 
.020 in. U-Al 
.015 in. 6061 Al 
• 050 in • 
• 140 in • 
17 std., 2 end 
93% 
274 gm 
57.25 in. 
2.878 in. x 3.218 
28 
20. 75 in. 
88.3 liters 
6 .3~ liters 
18.82 in. 
7 .67 Kgm .. 
l.._.365 
172 
109 
38 days 
31.6 in. 
672 µsec 
.0078 

in. 



Table 1.4-1 Continued 

Temperature and Void Coefficients 
Core metal coefficient 
Core water coefficient 
Reflector water coefficient 
Total temperature coefficient 
Core void coefficient 
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Excess reactivity reguirements 
Burn-up, plus Sm and stable f.p.'s 
Xenon, steady state 
Temperature 
Control and experiments 
Total 

Control rods 
Number of main rods 
Individual main rod, total worth 
8 main rods in gang, total worth 
Number of auxiliary rods 
Individual auxiliary rod, total worth 
8 auxiliary rods in gang, total worth 
Total worth of all rods 

Heat transfer areas 
Water channel thickness 
Fuel plate length, active 
Water channel width 
Core alloy width 
Heat transfer surface per element 
Total heat transfer surface, core 

Water flow data 
Water channel flow area per element 
Total channel flow area, core 
Water velocity in channels 
Water flow per element 
Water flow, 28 elements 
Water flow in control rods, approx. 
Water flow in bypass, approx. 
Total water flow 
Total primary loop pressure drop 
Pressure drop in fuel elements 

Process system design 
Maximum operating pressure 
Normal operating pressure 
Vessel design pressure 
Vessel design temperature 
Beam tube design temperature 

Core power conditions 
Average power density 
over-all peak-to-average power 
density ratios: 

Fresh-fuel core 
Equilibrium core 

Peak power densities, nominal: 
Fresh-fuel core 
Equilibrium core 

-0.52 x lo-3 %k/OC 
-6.7 x lo-3 %k/oC 
-17.2 x 10-3 %k/OC 
-24.4 x lo-3 %k/0 c 
-0.35 x 10-3 %k/cm3 

Maximum Normal 
6. 7 %k 
4.4 
0.9 
1.4 

13.4 %k 

8 
3.82 %k 
30.5 %k 
8 
0.87 %k 
7.0 %k 
37.5 %k 

0.102 in. 
20.75 in. 
2.446 in. 
2.236 in. 
11.68 ft2 
327 ft 2 

0.0327 ft 2 
0.915 ft2 
35 ft/sec 
513 gpm 
14,370 gpm 
1020 gpm 
1200 gpm 
16,600 gpm 
69 psi 
31 psi 

250 psig 
200 psig 
275 psig 
250°F 
400°F 

.453 MW/liter 

3.44 
3.18 

1.56 MW/liter 
1.44 MW/liter 

3.9 %k 
4.4 
0.9 
1.4 

10.6 %k 
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Hot channel factors: 
Bulk water factor 
Heat flux factor 
Heat transfer coefficient factor 

Core thermal analysis results 
Reactor inlet temperature 
Reactor outlet temperature 
Average convective heat flux 
Peak convective heat fluxes: 

Fresh-fuel core, nominal 
Fresh-fuel core, with heat flux factor 
Equilibrium core, nominal 
Equilibrium core, with heat flux factor 

Maximum fuel plate-water interface 
temperatures: 

Fresh-fuel core 
Equilibrium core 

Saturation temperature at hot spot 
Minimum burnout ratios: 

Fresh-fuel core, max. operating condition 
Fresh-fuel core, slow power increase 
Equilibrium core, max. operating condition 
Equilibrium core, slow power increase 

Table 1.4-2 System Component Designations 

Designation 

BG-201 
DC-101 
EA-lOlA 
EA-lOlB 
EA-102 
EA-103 
EA-201 
EA-202 
EA-203 
EA-302X 
EE-101 
EG-101 
FA-101 
FA-102 
FA-201 
FA-202 
FA-203 
FA-303X 
FA-304X 
FA-305 
FD-lOlA 
FD-101B 
FD-102 
FD-103 
FD-104 
FD-105 

System Component 

Light Water Purification Unit 
Reactor Vessel 
Primary D2o Cooler 
Primary D2o Cooler 
Experimental D20 Cooler 
Shutdown D20 Cooler 
Thermal Shield H20 Cooler 
Canal H20 Cooler 
Biological Shield H20 Cooler 
Compressed Air Aftercooler 
Canal Ejector 
Helium Eductor 
Primary D2o Storage Tank 
Primary D20 Storage Tank 
Thermal Shield H2o Expansion Tank 
Poison Water Tank 
Biological Shield H20 Expansion Tank 
Compressed Air Receiver 
Compressed Air Dryer 
11 F" Liquid Waste Tank 
Primary D2o Filter 
Primary D20 Filter 
Primary D2o Resins Filter 
Experimental D2o Filter 
Experimental D2o Filter 
Helium Particle Filter 

1.35 
1.27 
1.38 

120°F 
134°F 
.393 x 106 Btu/hr-ft2 

1.26 x 106 Btu/hr-ft2 
106 1.60 x 

1.17 x 106 II 

1.48 x 106 

359°F 
344°F 
376°F 

2.46 
2.01 
2.75 
2.27 

Reference 
Section or 
Table Number* 

7.8.5.2 
5.5 
5.3-1 
5.3-1 
8.2-2 
7.1-2 
7.9-2 
7.8.5.2 
7.10-2 
3.5.5 
7.8.5.2 
7.4-1 
7.6.5 
7.6.5 
7.9.3 
7.3 
7.10.5 
3.5.5 
3.5.5 
3.5.2 
7.5-1 
7.5-1 
7.5-1 
8.2.2 
8.2.2 
7.4-2 

II 

II II 

Reference 
Figure 

5.1 
5.2 
5.2 
5.2 
8.9 
7.1 
7.13 
5.1 
~.14 
3.27 
5.1 
7.5 
5.1 
5.1 
7.13 
5.1 
7.14 
3.27 
3.27 
3.27 
7.6 
7.6 
7.6 
8.9 
8.9 
7.5 
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Table 1.4-2 Continued 

FD-105A 
FD-201 
GA-lOlA 
GA-lOlB 
GA-102A 
GA-102B 
GA-103A 
GA-103B 
GA-104A 
GA-104B 
GA-105 
GA-201A 
GA-201B 
GA-202 
GA-203A 
GA-203B 
GA-204 
GA-301 
GA-303 
GA-304 
GA-305A 
GA-305B 
GA-306 
GA-307 
GA-308A 
GA-308B 
GA-309 
GB-301A 
GB-301B 
GB-302 
GB-303A 
GB-303B 
GC-301A 
GC-301B 
H-lOlA 
H-lOlB 
H-102A 
H-102B 
H-103 
H-104 
HA-301 
HA-305 
IB-301 
IB-302 
IB-303 
IB-304 
IB-305 
IB-306 
IB-307 
IB-308 
IB-309 
IB-310A 
IB-310B 
IB-311 
IB-312 
IB-314 

Helium Iodine Filter 
Canal H20 Filter 
Primary D20 Pump 
Primary D2o Pump 
Primary D20 Shutdown Pump 
Primary D20 Shutdown Pump 
Experimental D20 Pump 
Experimental D20 Pump 
Primary D2o Transfer Pump 
Primary D2o Transfer Pump 
Helium Eductor Pump 
Thermal Shield H20 Pump 
Thermal Shield H20 Pump 
Canal H2o Pump 
Biological Shield H20 Pump 
Biological Shield H20 Pump 
H2o Purification Pump (BG-201) 
Cooling Tower H20 Pump 
Cooling Tower H2o Emergency Pump 
"D" Liquid Waste Pump 
Building Steam Condensate Pump 
Building Steam Condensate Pump 
"F" Liquid Waste Pump 
Domestic Hot Water Circulating Pump 
Building Heaters Circulating Pump 
Building Heaters Circulating Pump 
Absorption Chiller Water Pump 
Air Compressor 
Air Compressor 
Fuel Handling Exhaust Fan 
Building Exhaust Fan 
Building Exhaust Fan 
Absorption Type Chiller 
Absorption Type Chiller 
Primary D2 0 Cation Bed 
Primary D20 Nitrate Bed 
Primary D2o Mixed Bed 
Primary D20 Mixed Bed 
Experimental D20 Mixed Bed 
Helium Recombiner 
Building Steam Flash Tank 
Break Tank 
Operations Floor Air Cond. 
Operations Floor Air Cond. 
Experimental Floor Air Cond. 
Experimental Floor Air Cond. 
Experimental Floor Air Cond. 
Experimental Floor Air Cond. 
Equipment Floor Air Cond. 
Equipment Floor Air Cond. 
Lobby Air Cond. 
D2o Process Equipment Cells Air Cond. 
D20 Process Equipment Cells Air Cond. 
Generator Room Air Cond. Fan 
Transformer Room Air Cond. Fan 
Domestic Hot Water Heater 

7.4-3 
7.8.5.2 
5.3-2 
5.3-2 
7.1-1 
7.1-1 
8.2-1 
8.2-1 
7.6-2 
7.6-2 
7.4.3 
7.9-1 
7.9-1 
7.8.5.2 
7.10-1 
7.10-1 
7.8.5.2 
6.6 
6.6 
3.5.2 

3.5.2 

3.5.3 
3.5.5 
3.4.2 
3.4.l 
3.4.1 
3.4.l 
3.4.1 
7.5-2 
7.5-2 
7.5-2 
7.5-2 
8.2.2 
7.4.3 

3.5.1 
3.4.1 
3.4.1 
3.4.1 
3.4.l 
3.4.1 
3.4.1 
3.4.l 
3.4.1 
3.4.1 
3.4.l 
3.4.1 

7.5 
5.1 
5.2 
5.2 
7.1 
7.1 
8.9 
8.9 
5.1 
5.1 
7.5 
7.13 
7.14 
5.1 
7.14 
7.14 

6.1 
6.1 
3.27 
3.27 
3.27 
3.27 

3.27 
3.27 
3.25 
3.25 
3.25 
3.27 
3.27 
7.6 
7.6 
7.6 
7.6 
8.9 
7.5 
3.27 
6.1 
3.24 
3.24 
3.24 
3.24 
3.24 
3.24 
3.24 
3.24 
3.24 
3.24 
3.24 
3.24 
3.24 
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Table 1.4-2 Continued 

IB-315 
IB-316 
IB-317 
IB-318 
IB-321 
IB-322 
IB-325 
KA-102 

Building Heaters Hot Water Heater 
Building Exhaust Roughing Filter 
Building Exhaust Iodine Filter 
Building Exhaust Absolute Filter 
Ladies Room Exhaust Fan (South Wing) 
Mens Room Exhaust Fan (South Wing) 
Building Hot Water Expansion Tank 
Building Air Exhaust Line Venturi 

3.4.3 
3.4.3 
3.4.3 

3.4.2 

*Table numbers appear with hyphens: e.g., 5.3-1 Refers to Table l 
of Section 5.3 

Table 1.4-3 Pipe-Line Nomenclature 

Piping 
Designation Function 

CD Contaminated D2o Drain 

DA Equipment D20 Drain 

DD Radioactive Water Drain 

3.26 
3.26 
3.26 
3.24 
3.24 

3.26 

DF Slightly Radioactive Water Drain 

DW Domestic Water 

EV Exhaust Vent 

F Exhaust to Stack 

He Helium 

P Primary Process 

TW Deionized Water 

UDW Used Domestic Water 

WC Cooling Water 

WD Water Drain 

WR Cooling Water Return 

WS Cooling Water Supply 

1.5 SUMMARY OF THE SAFETY ANALYSIS 

The safety of the reactor is based upon redundant instrument systems and 
safety rods, and upon successive containment systems around the fuel. The 
instruments monitoring the neutronic behavior of the reactor and the critical 
process conditions are arranged with three parallel but independent channels 
for each variable. Any two of three parallel channels cause reactor shutdown. 
The two out of three coincidence arrangement allows frequent testing of each 
instrument channel during operation. There are 8 main control rods and 8 
auxiliary control rods, all driven by independent mechanisms. In the maximum 
reactivity configuration of the system, which occurs during the loading of a 
completely fresh core, 5 main rods alone will keep the reactor subcritical. 
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For the cold, clean, freshly-fueled core, only 4 main rods are required for 
shutdown. For the normal core, which contains partially burned fuel elements 
from the previous cycle, only 3 main rods are required for shutdown. 

The self-regulating characteristics of the reactor are similar to those 
of other enriched uranium-fueled reactors. The core temperature and void 
reactivity coefficients are negative in all regions of the core. In addition, 
there is a very large negative temperature coefficient associated with the 
reflector. The prompt neutron lifetime in the reactor is relatively long due 
to the heavy water moderation. 

Fission products formed in the operation of the reactor are contained, 
in order, by the fuel alloy, by the metal in which the uranium fuel alloy is 
dispersed, by the complete metal cladding of all fuel alloy, and by a carefully 
designed and constructed reactor vessel and primary coolant system. The 
reactor is protected against accidental ruptures of the primary system or 
reactor vessel by the arrangement of the shield, which is such as to insure 
that the core remains covered with coolant in all circumstances. Means have 
been provided to cool the core after shutdown in the event of a loss of all 
coolant pumping power. The shield is constructed so that in the worst con
ceivable reactor accidents any gas overpressures which might occur would be 
relieved by controlled venting, and no solid missiles would escape from the 
shield. 

The reactor building is constructed to withstand an internal gas pressure 
of 2 psig, which is about twice the peak pressure developed in the maximum 
qredible accident, with a maximum leakage of 53 of the building volume per day. 
The building is protected against negative internal gauge pressures by vacuum 
breakers. The personnel and equipment entries to the building are through 
air locks in which one of two doors is always sealed shut. The building is 
vented through the exhaust filters and reactor stack at all times, since the 
safety analysis has shown that in the maximum credible accident such venting 
reduces the radiation doses to persons outside the building. 

A wide variety of environmental hazards, reactor system accidents and 
malfunctions, and human errors have been considered in the safety analysis. 
In all cases, including that of the maximum credible accident, the resulting 
radiation doses to persons in the hospital and housing areas within the 
Brookhaven site, and to all persons outside the site, are well below the guide
lines of 10 CFR 100 (1.4). 
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SECTION 2. SITE DESCRIPTION 

2.1 REACTOR LOCATION 

The site of the HFBR is shown in Figures 2.1, 2.2, 2.3, and 2.4, which are 
maps of the general area, the Long Island area around BNL, the BNL site, and the 
populated central area of the BNL site, respectively. The Laboratory is located 
in Brookhaven Town, Suffolk County, New York. The Laboratory site has an area 
of about 3500 acres, and is approximately two miles square. The site and the 
various installations on the site are the property of the Federal Government. 
The Laboratory is operated by Associated Universities, Inc., under contract with 
the Atomic Energy Commission. A number of research machines are located at the 
Laboratory in addition to the HFBR. These include the Alternating Gradient 
Synchrotron, the Cosmotron, the Graphite Research Reactor, and the Medical 
Research Reactor. The various research activities at the Laboratory are discus
sed in detail in the BNL Annual Reports; see, for instance, BNL-806, Annual 
Report (July 1, 1963). There are actually two land tracts controlled by BNL. 
The north tract (see Figure 2.2) is not used at present. All BNL research 
activity is concentrated on the south site of 3500 acres, and all references to 
the site in this report are concerned only with the south site. 

The site boundary is closest to the HFBR on the south, where the distance 
is 3700 feet. To the west the site boundary distance is 5700 feet, to the north 
7200 feet, and to the east 7700 feet. The hospital, which has patients and 
visitors who are not members of the BNL staff, is 3000 feet from the HFBR. The 
Laboratory apartment area is 6800 feet from the HFBR. 

The HFBR building is located east of the existing Graphite Reactor complex, 
and faces on Railroad and Cornell Avenues. It is located close to the existing 
reactor not only for operating convenience, but also so that the two reactors 
can make joint use of the cooling towers and the stack. The existing three-cell 
cooling tower system has been increased to five cells, and a new pump has been 
added at the north end of the sump to provide a combined cooling system suff i
cient for both reactors (see Section 6). The ventilating air and any off-gases 
from the HFBR are piped directly to the base of the stack. The stack is large, 
350 ft height and of 17 ft I.D. at the top, and has ample capacity for both 
reactors (see Section 14.4.5). The local HFBR area is shown in Figure 2.10. 

The HFBR building has personnel access from Cornell and Rutherford Avenues, 
truck access from Railroad and Rutherford, and parking lots on the southeast and 
northwest sides. 

2.2 POPULATION DISTRIBUTION 

2.2.1 BROOKHAVEN NATIONAL LABORATORY SITE POPULATION. The summer (peak) 
complement of personnel at the Laboratory during working hours was about 4100 in 
1963, with a breakdown as shown in Table 2.2-1. 

On certain visitors' days, or days when employees and their families gather 
at the Laboratory for recreational exercises, 8,000 to 10,000 persons may be 
present. This number is not additive to the above total, since these large 
gatherings are not normally present on regular working days. The reactors are 
not operated on visitor's days. 

2.2.2 POPULATION DISTRIBUTION OFF-SITE. Brookhaven National Laboratory 
is located within Brookhaven Town, County of Suffolk, State of New York. The 
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Brookhaven Town has an area of 413 square miles. It had an average population 
density of 302 persons/sq. mile as of January 1, 1963. The HFBR is located 
13-1/2 miles from the farthest western boundary and 7-3/4 miles from the far
thest eastern boundary of Brookhaven Town. 

Table 2.2-1 Laboratory Population 

Regular Laboratory employees 
Temporary employees 
Guest Research scientists 
Residents of apartment area 

(families of guest research scientists) 
*Hospitalized patients 
*Construction contractor employees 
*Daily visitors 

*Daily average. 

2,900 
20 

200 
200 

30 
600 
150 

Total 4,100 

Listed in Table 2.2-2 are the villages and hamlets within a ten-mile radius 
of the HFBR and their populations. The population density within this ten-mile 
radius is estimated at 258 persons per square mile. 

The major population centers outside the ten-mile radius around the HFBR 
are Riverhead to the east, population 6,012, and Port Jefferson-Port Jefferson 
Station to the northwest, population 5,062. 

The major portion of the land in Brookhaven Town is used for agriculture, 
with the remainder being residential area. The only major industrial or defense 
facility is the Navy-owned aircraft assembly plant and air field of the Grumman 
Aircraft Engr. Corp. at Calverton, 4 miles to the east of BNL. 

Brookhaven Town has been an area of increasing population in recent years: 
on April 1, 1950, the population was 44,522; during the next seven years it 
increased to 82,459; in 1960 it was 109,900, according to the U. S. Census. On 
January 1, 1963 its population was estimated at 124,580 (2.1, 2.2, 2.3). 

2.3 METEOROLOGY 

2.3.1 GENERAL. The Brookhaven area has several meteorological advantages 
as a reactor site, notably: the absence of any high probability ·of wind flow 
toward densely populated areas, and excellent ventilation of the region. In 
inversion conditions, for instance, the low level winds show a maximum frequency 
of only 20% from any 45°directional sector. Similarly, 5D°fe of the 300-ft inver
sion wind speeds are greater than 14 mph. 

The Long Island area has relatively few thunderstorms, tornadoes, hail
storms and ice storms, which could increase accident probabilities by disrupting 
communications and power. The small frequency of such events is attributable to 
the moderating effect of the nearby ocean, which is, however, responsible for 
the one detrimental meteorological feature, the hurricane. 

While the Laboratory does not have a high hurricane frequency (3 with winds 
significantly greater than 100 mph since 1900), these storms must be considered 
in design problems. Fortunately, hurricanes are susceptible enough to existing 
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Table 2.2-2 Populations of Hamlets and Villages within 10 Miles of BNL 
(Figure in parenthesis is additional summer population) 

Name 

Ridge 

Manorville 

Middle Island 

Yap hank 

Moriches 

Mastic-Shirley 

South Haven 

Rocky Point 

Center Moriches 

Coram 

Shoreham 

Calverton 

Brookhaven 

Wildwood-Wading River 

East Moriches 

Mastic Beach 

Sound Beach 

Medford Station 

North Bellport 

Eastport-North Moriches 

Bellport Station-Hagerman 

Selden 

Bellport 

Miller Place 

Baiting Hollow 

Speonk 

North Patchogue 

Mt. Sinai 

Farmingville 

East Patchogue 

Terryville 

Holtsville 

Remsenberg 

Patchogue 

• 

Population 

800 

950 

1618 

3079 

500 

4116 (4000) 

600 

2300 (2000) 

2750 (3000) 

1892 

180 

600 

900 

900 (2000) 

1300 

3300 (5000) 

1700 (3000) 

2486 

3000 

1827 

2000 

1658 (3000) 

2600 

1312 (2000) 

500 

600 

6000 

500 (1000) 

2200 

6000 

1500 

3000 

650 (900) 

9200 

Distance 
from HFBR 

1-3/4 Mi. 

3-1/4 

3-1/2 

3-1/2 

4-3/4 

4-7/8 

5 

5-3/4 

6 

6-1/4 

6-1/4 

6-3/4 

6-7/8 

6-1/4 

7-1/4 

7-1/4 

7-1/4 

7-1/4 

7-1/4 

7-3/4 

8 

8 

8-1/4 

8-1/2 

8-1/2 

8-3/4 

8-3/4 

9-1/4 

9-1/4 

9-1/4 

9-1/4 

9-1/4 

9-1/2 

9-3/4 

II 

II 

II 

II 

II 

II 

Direction 

NNW 

ESE 

WNW 

SW 

SSE 

SSE 

SSW 

NNW 

SE 

WNW 

N 

ENE 

SSW 

NE 

SE 

s 
NNW 

WSW 

SW 

SE 

SW 

WNW 

SSW 

NNW 

ENE 

SE 

WSW 

NW 

WSW 

SW 

WNW 

WSW 

SE 

WSW 

Reference 

2.1 

2.1 

2.2 

2.2 

2.1 

2.1 & 2.2 

2.1 

2.1 

2.1 

2.2 

2.2 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.2 

2.1 

2.2 

2.1 

2.2 

2.1 

2.2 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 
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forecasting techniques for advance warning of several hours to be virtually 
assured. The HFBR building is designed to withstand a wind speed of 120 mph 
with an ample safety factor, as are the existing reactor structures, including 
the stack and cooling towers. 

The specific location selected for the HFBR, a point southeast of the 
Graphite Research Reactor, has a number of advantages. Of particular importance 
is the ability to pipe the ventilation air from the HFBR to the base of the 
Graphite Research Reactor cooling air stack. This feature assures automatic 
dilution of the ventilating air by thorough mixing with the large volume of 
Graphite Reactor cooling air, and it also provides a very high release point 
for the combined volume. Table 2.3-1 shows the computed effective stack heights 
achieved by the reactor cooling air under various wind speeds. These are far 
higher than could possibly be expected from a 350-ft stack serving the HFBR 
alone. Although no credit is taken for these effects in the calculations of 
stack gas releases for the HFBR (see Sections 11 and 14), the 85% "on time" of 
the Graphite Reactor means that in most release cases the effective stack height 
would be greater than tnat assumed and the ground level concentrations corre
spondingly less. 

Table 2.3-1 Effective Stack Height of the Graphite Research 
Reactor Plume 

Wind Speed (mph) 

4.5 

9.0 

15.5 

22.5 

29.0 

Effective Stack Height (ft)*, 
Unstable Conditions 

1500 

740 

480 

410 

390 

*Computed from Bosanquet, Carey & Halton equation, G 
3 fan operation. 

.001, 

It is also important to recognize that even if the Graphite Research Reac
tor were not operating during an accidental release from the HFBR, a natural 
draft exists, drawing air from the HFBR up the stack rather than allowing it to 
be released at ground level (see Section 14.4.5). 

The location of the HFBR takes good advantage of the site area and the 
natural wind distribution, minimizing the chance that any accidentally released 
gases or particulates will be carried over the central, populated portion of the 
site. At the same time good separation from the site boundary is maintained. 

Figure 2.5A, which shows the annual wind roses for both stack level and 
ground level, indicates that the wind blows toward the site population center 
during only 25% of all hours. During the remaining 75%, the air moves toward 
lightly populated areas. The location is also favorable with respect to the 
off-site population in the directions of the prevailing winds, since the site 
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boundary is about 2 kilometers distant in these directions. This advantage is 
not derived for winds blowing to the south, where the site boundary is only 
1 kilometer distant, but on the other hand this direction includes the region of 
minimum population off-site. 

It is important to ascertain whether the wind distribution associated with 
the worst diffusion conditions is more or less favorable than the general wind 
rose. Figure 2.5B answers this question satisfactorily. If a release should 
occur at ground level during a temperature inversion, there is less probability 
that the effluent would proceed over the generally populated area of the site 
than during the better diffusion conditions found during the daytime. 

Inspection of Figure 2.5B does show, however, that a large percentage of 
inversion hours are recorded as "calms" at the 37 ft level, and the actual 
direction of air flow during such conditions is in question, since there is 
usually appreciable air movement, whether recorded or not. Figure 2.5C shows 
the general terrain pattern of the area in and about Brookhaven. Smoke diffu
sion tests conducted at various levels on the Meteorological Tower suggest that 
a northerly drainage wind in near calm conditions is to be expected. We thus 
feel that the wind rose, Figure 2.5B, representative of the poorest diffusion 
conditions, is even more favorable for this location than the statistics show. 

In terms of particulate deposition, as opposed to cloud dosage, previous 
experience at this site and the studies of the problem suggest that the least 
favorable condition would be poor diffusion accompanied by light precipitation 
(2.4). Accordingly, the wind rose representation of the hours with precipi
tation, Figure 2.5D is presented. Clearly, this wind rose is less favorable as 
far as the general site population is concerned, since the northeast, east and 
southeast winds are represented much more prominently during precipitation hours 
than is true otherwise. However, this disadvantage is compensated in part by 
the fact that precipitation situations are frequently associated with higher 
than average winds, and therefore somewhat better diffusion than normal. This 
is .shown by the comparison of the precipitation wind speed distribution shown 
in Table 2.3-2. In the latter, over 50% of the low level winds for all hours 
are found in the 0 to 6 mph grouping, while during precipitation hours, some 
58% of the wind speeds range from 7 to 20 mph. 

Table 2.3-2 Percentage Distribution of 37 ft Wind Speeds 

Speed Group (mph) All Hours Precipitation Hours 

0 - 6 54% 39% 

7 - 20 45 58 

>21 1 3 

In summary, it is felt that the general meteorology of the BNL area is 
favorable for a reactor site, and that the specific location selected for the 
HFBR maximizes its safety to both on-site and off-site personnel in every re
spect except particulate contamination associated with precipitation. 

2.3.2 METEOROLOGICAL FACTORS FOR REACTOR ACCIDENTS. There are several 
accident situations (see Sections 11 and 14) in which radioactive material might 
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be released from the contained volume of the HFBR building. In some of these 
cases the release would occur only from the reactor stack. In the maximum 
credible accident, however, the building atmosphere pressure may rise above 
that of the environment, with a resulting release at ground level. Meteoro
logical conditions and calculations pertinent to all of these cases are discus
sed in this section. 

The diffusion of the radioactive cloud is described in all cases by 
Sutton's equation (2.5): 

2Q (- h2 ) 3 
X (x) = 1TC c ux2-n exp cz2x2-n I c/m 

y z 

Here y(x) is the cloud centerline concentration at the ground in c/m3 at dis
tance x meters from the source. Q is the radioactive source strength in c/sec 
(time dependent in some cases): <:Y•cz and n are diffusion parameters for the 
lateral and vertical spreading of the cloud and for the turbulence effect, 
respectively: u is the average wind velocity in m/sec: and h is the height of 
the source point above the ground in meters. 

In the calculation of total radioactive exposure from a cloud an integra
tion over time is necessary. This integration involves the source strength, 
Q, but not the remainder of the equation so long as the meteorological condi
tions are assumed constant over the course of the accident. Thus, it is conven
ient to remove from the equation the time independent parts, and to discuss the 
meteorological aspects of the accident cases in terms of these quantities. We 
call the time-independent part Sutton's function S(x), understanding that it is 
a function of the diffusion parameters as well as of the distance. Explicitly, 

S(x) 
sec 

7 

In those accident cases in which both ground level and stack top releases 
are involved, separate Sutton's functions must be used for each release. The 
Sutton's function for the stack release will always have h = 108 meters, while 
that for the building, or ground level release, will always have h = 0 meters. 
Further, the diffusion parameters are generally slightly different for the two 
sources, even for simultaneous releases. 

There are four meteorological cases which must be considered in the acci
dent analysis. Two of these cases are of relatively rare occurrence, but are 
important because they give the largest cloud concentrations from the stack 
release. The other two cases represent the worst diffusion conditions for 
night and day conditions and are of frequent occurrence in the Brookhaven area. 

The rare cases are designated Case I and Case II. Both are weak neutral 
meteorological conditions with relatively low wind speed and minor turbulence. 
Both cases produce a peak in the ground level cloud concentration from the 
stack release at a distance of about 2.6 kilometers. 

Case II is a simple weak neutral condition with no significant variation 
in the diffusion conditions with height. This condition occurs during one to 
two percent of all hours in the Brookhaven area. Table 2.3-3 gives the diffu
sion parameters and wind velocities appropriate for this case and graphs of the 
stack and building release Sutton's functions are shown in Figures 2.6 and 2.7. 

Case I is a weak neutral condition with an inversion lid above the top of 
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the stack. This situation may occur when a warm frontal surface lies immedi
ately above the stack. A significant number of cases have been observed at the 
Meteorological Tower in which marked inversions between the middle and top of 
the tower have persisted for several hours. The case I situation is estimated 
to exist during no more than two to three percent of all hours. 

The inversion layer will not only limit the upward diffusion of the plume, 
but will augment the ground level concentration from the stack. The effect of 
the inversion, at a height 6h above the top of the stack, may be accounted for 
by the customary device of an image source. The appropriate Sutton's function 
would then be 

S(x) h2 ) 2 2-n + exp 
c x z 

t- (h+26h) 2] } 
2 2-n 

c x 
z 

sec 
3 

m 

This case clearly produces maximum doses if the inversion is just above the 
stack top, so that 6h=O. We shall assume that this is the case and that there 
is perfect reflection at the inversion layer. Then the Case I Sutton's func
tion for the stack release is just twice the usual form, or 

S(x) 
(Case I,· stack) 

4 
2-n 

TIC C UX 
y z 

sec 
-3-
m 

Diffusion parameters and wind velocities for Case I are given in Table 2.3-3, 
and graphs of the stack and building release Sutton's functions are shown in 
Figures 2.6 and 2.7. 

It will be noted from Table 2.3-3 that the stack top wind velocity for 
Cases I and II is only 4 m/sec, or 9 mph. If the Graphite Reactor is operating 
in these conditions, the effective release point of the stack is raised to 
about 740 ft, or 226 m, as given in Table 2.3-1. For Case II, this increase 
in release height moves the stack cloud maximum concentration from 2540 m 
distance to 6900 m, and reduces the concentration by a factor of 4.4. For 
Case I, the plume will penetrate an inversion layer close to the stack top, and 
will not return through the layer until very great distances are reached. Thus, 
Case I is effectively ruled out while the Graphite Reactor is operating (about 
85% of all hours) if the inversion layer is beneath the 740 ft plume height. 

Case III is the strong surface inversion condition which occurs frequently 
during night hours at Brookhaven, and which is the classic meteorological case 
for reactor safety studies. In this condition the stack release is held aloft 
to such great distances that it contributes little to the ground dose. The 
building, or ground level release, however, produces a highly concentrated 
plume which remains at ground level. Diffusion parameters and wind velocities 
for Case III are given in Table 2.3-3, and graphs of the stack and building 
release Sutton's functions are shown in Figures 2.6 and 2.7. Since the building 
release is the important factor in Case III, the operation of the Graphite 
Reactor makes little difference in the cloud doses in this case. 

Case IV is the normal lapse condition which occurs frequently during day
time hours at Brookhaven. In this case the stack cloud comes rapidly to the 
ground, producing a maximum concentration at about 600 m from the source. 
Diffusion parameters and wind velocities for Case IV are given in Table 2.3-3, 
and graphs of the stack and building release Sutton's functions are shown in 
Figures 2.6 and 2.7. The wind velocity at the stack top for Case IV is 
7 m/sec, or about 15.5 mph, giving an effective plume height of 480 ft, or 
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146 m, for those times during which the Graphite Reactor is operating. The 
effect of the operation of the Graphite Reactor on the stack cloud concentration 
is, therefore, less in this case than in the weak neutral cases: the maximum 
concentration point is moved to 845 m, and the concentration reduced by a factor 
of about 1.7. 

Table 2.3-3 Sutton's Equation Diffusion Parameters 

Case Description Release u n c c 
.....:L z 

I Weak Neutral with Ground 2.0 .50 .35 .35 
Inversion Cap Stack* 4.0 .so .30 .30 

II Weak Neutral 
Ground 2.0 .50 .35 .35 
Stack 4.0 .50 .30 .30 

III 
Strong Surface Ground 1.0 .55 .40 .10 
Inversion Stack 7.0 .55 .40 .05 

IV Normal Lapse Ground 4.0 .25 .45 .35 
Stack 7.0 .25 .40 .40 

Units: u meter/second 

n dimensionless 

c 
y 

,c 
z 

metersn/2 

*The source term is doubled for Stack release in Case I. 

2.4 HYDROLOGY AND GEOLOGY 

The reactor is located on a small hill of mixed sand, gravel, and clay 
typical of the Pleistocene glacial deposits which cover the Brookhaven National 
Laboratory site, and nearly all of central Long Island. The average thickness 
of the sedimentary out-wash and morainal deposit is 200 ft at the reactor site. 
Various borings have determined the stratigraphy from the surface to bed rock 
as is shown in Figure 2.8 (2.6). Examination of Figure 2.8 will show that there 
are variations in the thickness of the several stratigraphic units, as is to be 
expected in view of the glacial origin of these recent sediments. 

In general, there are three definable aquifers between the surface and the 
impermeable bed rock, which begins at a depth of about 1600 ft at the site. The 
upper Pleistocene deposits constitute the most productive aquifer, the Magothy 
Formation being somewhat less productive, and the Lloyd Sands relatively unpro
ductive in the central Suffolk area. Data on these aquifers are summarized in 
Table 2.4-1, and the flow of ground water through them is shown in Figure 2.9 
(2.7, 2.8). 

The source of the ground waters underlying Long Island is percolation from 
rain and snow. It has been estimated that at the BNL site one-third of the 
percolation supplies the Magothy and Lloyd Formations, while two-thirds enters 
the Pleistocene stratum. A very small fraction of the ground water in the 
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Pleistocene layer is intercepted by the channel of the upper Peconic River and 
joins that stream. A still smaller fraction eventually emerges in the Forge 
River, but much the greatest part of the Pleistocene ground water continues on 
at the general rate of one-half to one foot per day to form submarine springs 
in the bays and sea to the southeast of the site. At points near the edges of 
the Island the hydraulic gradient of the ground water has an upward component 
and the Lloyd and Magothy Sands will, therefore, resupply water to the Pleisto
cene formation. 

Table 2.4-1 Average Characteristics of Aquifers and Clay Formations 
at the Brookhaven National Laboratory 

Pleistocene 
Deposits Raritan Raritan 
Below Water Gardiner's Magothy Formation Formation 
Table Cla::L Formation Cla::L Llo::Ld Sand 

Thickness in ft 145 10 800 150-200 314 

Coefficient of 
lateral permea-
bility gpd/ft2 1,300 100-400 74 

Transmissibility 
of whole formation 
gpd/ft 190,000 40,000 23,000 

Coefficient of 
vertical permea-
bility gpd/ft2 130-350 0.3 

Direction of flow SE SE SE SE SE 

Undisturbed hori-
zontal velocity 
of flow, ft/day 0 .5-1.0 .025-0.l 0.005 

Hydraulic gradient .0010 .0006 .0002 

Porosity, % 35 33 33 

All irrigation, domestic, process, and cooling water at the BNL site is 
drawn from the Pleistocene and Magothy aquifers, with the Pleistocene supplying 
much the greater quantity of water. The Pleistocene layer is also the most 
important water source for water users in the surrounding central Suffolk area. 

In the event of a spill of radioactive wastes at or near the HFBR site 
the possible contamination of surface and ground waters must be considered. 
The surface of the ground in and near the reactor site is so permeable that 
flow over the surface for any distance is very unlikely (2.9). Following a 
heavy rain on soaked or frozen ground, small streams flow for short distances, 
but it would be impossible for contamination to be carried from the Laboratory 
into the Peconic, Carmans, or Forge Rivers in this way. 
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The major points in determining the subsequent contamination of the ground 
water are the direction and rate of movement of the ground water, the dilution 
of the active solution with the ground water, and the adsorption of the activity 
by soil materials. The transit time of the Pleistocene layer ground water to 
the nearest sensitive points outside the Laboratory tract must be measured at 
least in years and probably in decades, so that only a comparatively few of the 
longest-lived isotopes are a potential hazard. Because the lamellar flow of 
ground water precludes mixing by turbulence, dilution should not be of great 
importance in reducing ground water radioactivity in the event of a spill. It 
might be expected that much of the ground water stream would remain free of 
radioactivity but that specific streams of contaminated solution would occur 
in the layer. 

As regards adsorption, the environment at BNL is particularly favorable. 
Even a few hundred feet of a poorly adsorbent aquifer like a glacial sand has 
more than adequate potential adsorptive or ion exchange capacity to handle even 
a very large spill. 

Because of the slow and uniform rate of movement of the ground water 
beneath the Laboratory site, it should be possible in the event of a spill of 
radioactive wastes to drive scavenging wells to map the limits of the contami
nation and to pump the active liquid out of the water table. It has been the 
general conclusion of an extensive study of the geology and hydrology of the 
Laboratory site that BNL is located in a geologic and hydrologic environment 
that is unusually well suited to reducing the dangers of serious contamination 
of the ground water in the event of an accident releasing large quantities of 
radioactive solution (2.10). 

2.5 SEISMOLOGY 

The probability of occurrence of an earthquake in the BNL area of suffi
cient intensity to cause damage to building and reactor structures was thor
oughly investigated during the construction of the Brookhaven Graphite Reactor. 
The investigation showed that, in fact, a severe earthquake shock in the 
Brookhaven area is a most unlikely event. The following paragraph is quoted 
from the "Supplement to Report on the Brookhaven Nuclear Reactor Prepared for 
Reactor Safeguard Committee of the Atomic Energy Commission, August 30, 1948": 

"It is, therefore, the consensus of seismologists that no significant 
quakes are to be expected in the foreseeable future and that, if such 
quakes are to be expected they will be preceded by preliminary shocks 
easily detected by seismographs. It is the opinion of the seismolo
gists that the probability of a severe shock would be less than 1 in 
100,000 years." 

The earthquake history of the site has been reviewed and the principal 
earthquakes of interest are tabulated in Table 2.5-1. 

The accelerations to be expected from earthquakes of various intensities 
on the Mercalli scale are shown in Table 2.5-2. 

Tables 2.5-1 and 2.5-2 show that no earthquake has yet produced an inten
sity in the BNL area in excess of intensity III (1-8 cm/sec2 ). However, Long 
Island lies in a Zone 1, or "minor damage" seismic probability area, and for 
this reason it has been assumed that an earthquake of intensity VII could occur 
at BNL. The reactor building and all associated structures are, therefore, 
designed to withstand horizontal accelerations of 0.1 g (98 cm/sec2), which is 
in the range of intensity VII to VIII earthquakes. There are no known active 
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earthquake-producing faults in the Long Island area. 

Table 2.5-1 Earthquakes in the Central Long Island Area* 

Year Date Epicenter Intensity at 
Lat. Lon9. Ya;ehank** 

1925 Feb. 25 47 .6°N 70.1°w I-III 

1929 Nov. 18 44 .5°N 55 .0° w I-III 

1935 Nov. 1 46 .a°N 79 .1°W I-III 

1937 July 18 40. 7°N 73. 7° w I-III 

1944 Sept. 5 45 .0°N 74.8°w I-III 

1950 Mar. 29 41.0°N 73 .o0 w I-III 

1951 Jan. 25 uncertain not felt 

*As reported by U. S. Coast & Geodetic Survey Dept. of Commerce. 

**Modified Mercalli Intensity Scale of 1931. 

Table 2.5-2 Earthquake Intensities and Accelerations* 

Intensity of Modified 
Mercalli Scale of 1931 

II 

III 

IV 

v 
VI 

VII 

VIII 

IX 

Ave. Maximum Acceleration 
on One com;eonent 

2.3 cm/sec2 

3.1 

9.3 

13.3 

40 

67 

172 

250 

Range of 
Accelerations 

1-5 cm/sec2 

1-8 

2-46 

2-75 

5-175 

18-140 

51-350 

250 

*Data from U. S. Coast & Geodetic Survey acceleragraph records from 
1930 to 1941. 
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SECTION 3. REACTOR BUILDING AND CONTAINMENT SYSTEM 

3.1 DESCRIPTION 

3.1.1 DESIGN BASIS. The HFBR building must serve the dual purpose of 
housing the reactor and the research activities connected with it, and of re
taining the radioactive products of any conceivable reactor accident. The de
sign basis for these two features of the reactor building, as well as for the 
internal arrangement of the reactor plant within the building are discussed 
separately below. 

The design basis for the containment features of the reactor building are 
as follows: 

1. The building shell must be designed to withstand an internal pres
sure greater than that which could arise from any conceivable reactor accident. 
Further, the leakage from the building at such an overpressure must not lead to 
radiation doses to the general public which are in excess of the levels used in 
guide lines for analyzing the consequences of such accidents. 

2. In normal operation, a slight negative pressure should be main
tained within the reactor building to insure that any air leakage is inward 
rather than outward. 

3. All exhaust gases from the reactor building should pass through 
appropriate filters and be discharged from a high stack. 

4. The building should normally be in such a configuration that it is 
sealed. That is, entryways for personnel and for equipment must be of the air
lock type, so that one sealed doo.r is closed at each entryway at all times. 

5. ventilation entryports and exhaust vents should be equipped with 
valves which close automatically in the event of a reactor accident which re
leases radioactive material. 

In view of the large building required to house the experiments, it is not 
economical to construct the building shell to endure any missile loadings which 
might result from reactor accidents. The primary system shielding is, there
fore, constructed to absorb and confine all violent excursions which might oc
cur, leaving to the building shell the containment function of a low pressure 
gas barrier. 

It is found that the dose to persons off-site from a major release of fis
sion products to the building volume is considerably reduced by venting the 
building overpressure through the exhaust gas filters and releasing the effluent 
from the reactor stack. Thus, the main exhaust line from the building is auto
matically throttled (rather than being closed tight) if radioactive material is 
released, and the building exhaust fans are switched off. 

The design basis for the reactor building and for the arrangement of the 
reactor plant is as follows: 

1. The building and plant layout must provide a sheltered, air condi
tioned environment for the research activity associated with the reactor. 



3 2 

2. The external beam experiments require a large clear space around 
the reactor shield, with heavy duty crane service and laboratory space for 
each experiment. 

3. The experimental area for external beam experiments should be free 
of radioactive contamination and nonessential traffic. Access for heavy equip
ment is required from outside the building. 

4. The radiation experiments require free access to the thimble ter
minations and an area in which radioactive materials may be handled. 

5. The reactor plant must be as compact as possible to minimize the 
inventory of heavy water. 

A variety of building arrangements were considered in the design stage. 
Designs with the reactor machinery above the reactor vessel or outside the re
actor building were discarded because of greater expense in floor structures and 
in heavy water inventory, and because these arrangements hampered access to the 
experimental facilities. The reactor machinery was finally located directly be
neath the core vessel, and a piping arrangement laid out to minimize heavy water 
inventory and achieve acceptably low stresses in the piping system. The entire 
primary system is within the containment volume of the building. 

The experimental requirements led to a plant layout which separates the 
beam experiments from the irradiation experiments and from reactor operations. 
This goal is achieved by providing separate floor levels, with graded air con
ditioning, for the beam experiments and for the irradiation thimble termina
tions. 

The shape chosen for the reactor building is a hemispherical dome sup
ported on a short cylinder, with a reinforced concrete foundation slab. The 
structure is divided into three basic levels, with the reactor machinery in 
the basement, beam experiments on the first floor, and reactor operations and 
thimble terminations on the second floor. 

3.1.2 DESCRIPTION OF THE BUILDING. Elevations of the HFBR building are 
shown in Figures 3.1 and 3.2. Floor plans of the various levels of the build
ing are shown in Figures 3.3 through 3.6 and these levels are discussed in the 
individual subsections which follow. 

3.1.2.1 Equipment Level. The general plan of the equipment level is shown 
in Figure 3.3. The elevation of this floor is 93 ft-0 in. On the east side of 
the equipment level a truck airlock extends out from the circular perimeter of 
the building. on the south, at elevation 101 ft-0 in., there is an entrance 
lobby which is connected to the reactor building by a personnel airlock. The 
entrance from the south lobby is into a stair well between the equipment floor 
and the next level above in the reactor building proper. 

The dominant feature of the equipment level is the shielded cell area for 
the primary system pumps and heat exchangers, located in the center of the 
floor. The fuel storage canal is to the east of the central shielded cells, 
with overhead monorail and bridge crane service. The fuel discharge chute from 
the top of the reactor vessel passes down through the concrete shielding and 
into the canal. The canal is 20 ft deep for most of its length, with a 30 ft 
deep pit under the fuel discharge chute end. A small bay on the north side of 
the canal provides additional space for fuel element storage and for gamma ir
radiations. 
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Three rooms along the south wall of the equipment level are partitioned 
off from the rest of the area. These are the transformer room, the filter 
room, and the emergency generator room. Each of these areas has access from 
outside the building and is ventilated directly from the outside atmosphere. 
These rooms also connect to the interior of the contained volume through gas
keted, bulkhead doors which are normally kept closed and locked. 

The heavy water cleanup system is installed in pits sunk into the floor in 
the northeast quadrant of the equipment level. The canal cleanup system is 
also mounted in this quadrant, as are a temporary storage tank for F waste and 
one of the heavy water storage tanks. 

The remaining equipment on this level supplies building steam, hot water, 
air conditioning chilled water, and compressed air. 

3.1.2.2 Experimental Area. The experimental area is shown in Figure 3.4. 
The elevation of this floor is 113 ft-6 in. There is a truck airlock on the 
north side of the area, with a smaller airlock for personnel next to it. A 
receiving room and receiving platform are located next to the airlocks. 

The reactor structure occupies the central portion of the experimental 
area, with a large clear space around it for the external beam experiments. 
Laboratories are located along the wall of the building. on the north side 
of the area are a machine shop, stock room, and a health physics office. 

The experimental floor is indented with a series of radial and circum
ferential trenches which allow access for water, electrical power, vacuum 
lines, etc., for experimental uses around the reactor structure. A radial 
traveling beam crane of 20 ton capacity services the experimental area from 
the pile face to the line of the columns. 

The balcony, which is part of the 
3.5. washrooms, a lunch room, and air 
mental area are located on this level. 
128 ft-6 in. 

experimental area, is shown in Figure 
conditioning equipment for the experi

The elevation of the balcony floor is 

3.1.2.3 Operations Area. The operations area, on the top floor of the 
building, is shown in Figure 3.6. The reactor shielding structure rises 
7-1/2 ft above the floor level in the center of the area. The elevation of 
the operations floor is 141 ft-6 in. To the southwest of the pile top there 
is a process area for pumps and heat exchangers for the experimental facili
ties heavy water cooling system. One of the primary system heavy water stor
age tanks is also located in this process area, as are the reactor helium cir
culation equipment and the poison water tank. The fuel storage vault is be
hind the process area. 

A series of offices and work rooms are located on the east side of the 
operations area. The reactor control room is on the second story of this as
sembly of offices. A 20 ton traveling beam crane operates over the central 
part of the floor area to service the reactor top and adjacent experimental 
equipment. 

3.1.2.4 Areas of the Building Not Part of the Contained volume. The 
areas of the building which are not part of the contained volume are listed 
in this section. The south lobby wing, located at elevation 101 ft-0 in. be
tween the equipment level and the experimental level, is not part of the con
tained volume. It is connected to the stair well inside the building by a 
small airlock. On the equipment level, at elevation 93 ft-0 in., are the 
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transformer room in the southeast quadrant, and the filter room and emergency 
generator room in the southwest quadrant of the area, which are not part of the 
contained volume. On the experimental level, at elevation 113 ft-6 in., the 
receiving room and platform on the north side of the building are not part of 
the contained volume. 

All other areas of the reactor building are part of the containment vol-
ume. 

3.1.2.5 Dimensions and Net volumes of containment system. The hemi
spherical dome of the reactor building has an inside diameter of 176 ft-8 in. 
The base of the hemisphere is at the experimental floor level. The inside dia
meter of the base cylinder, including the concrete wall, is 175 ft-0 in. The 
height of the base cylinder from the equipment level floor to the experimental 
level floor is 20 ft-6 in. The gross internal volume of the containment sys
tem is 1.92 x 106 ft3, and the net internal volume is 1.73 x 106 ft3. The net 
internal volume is distributed as follows: equipment area, .38 x 3106 ft 3 ; ex
perimental area, .59 x 106 ft 3 ; and operations area, .76 x 106 ft • 

3.1.3 OCCUPANCY AND ACTIVITIES IN THE BUILDING. The normal occupancy of 
the HFBR building during working hours is expected to be about 120 persons, in
cluding both reactor operations and research personnel. 

The reactor operations personnel include Operators and supervisors on 
shift, research coordination people, instrument specialists, designers, main
tenance engineers, machine shop personnel, and Health Physics staff. The re
search staff will be drawn mostly from the Physics and Chemistry Departments 
of the Laboratory, with some guest scientists and visitors. Since the irrad
iation facilities are handled by operating personnel, the number of research 
staff associated with these facilities is not expected to be large. The neu
tron beam experiments in the experimental area, however, will be attended by 
research staff technicians, designers, engineers, and maintenance people, as 
well as scientists. 

The occupancy of the building during evening hours and on weekends will 
be much reduced. Most of the data taking for the neutron beam experiments 
will be automated, so that the accumulation of experimental information can 
go on with relatively little attention during evening and weekend hours. For 
these "off-hour" times the building population may be 20 to 30 persons. 

No special provisions or exclusions should be necessary for occupancy of 
the experimental area during refueling or maintenance operations, except for 
limited times when seal plugs are removed from experimental holes. The oper
ations area and equipment level will normally be restricted to Reactor Opera
tions Division and Health Physics personnel during refueling operations. Ac
cess to the building will be limited at all times to those persons having ap
propriate business in the building. 

3.1.4 CONDITIONS AND METHODS FOR SEALING THE BUILDING. The interior of 
the reactor building is normally isolated from the atmosphere except for three 
30-in. diameter air duct pipes. TWO of the 30-in. pipes are fresh air inlets 
to the air conditioning system. The third pipe is the exhaust line to the 
filter bank and stack. Each of the 30-in. air pipes can be blocked close to 
the containment shell by a butterfly valve. The butterfly valves are closed 
upon a signal .from either of two nuclear incident alarm stations mounted on 
the balcony level of the building. 

In the event of a release of radioactive material to the building, the 
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nuclear incident alarms cause the two inlet air valves to close tight. At the 
same time, the exhaust line valve is partially closed, to throttle the exhaust 
air flow to a level at which the filters will operate with full efficiency. 
The radiation level at which the nuclear incident monitors cause the butterfly 
valves to close is 30 r/hr. Details of the valves and the valve control sys
tem are given in Sections 3.3.3 and 9.6.5. The same alarm signal which closes 
the butterfly valves causes the building exhaust fans to be switched off. 

3.l.5 CONTAINMENT DURING REFUELING AND MAINTENANCE. Normal containment 
provisions will be maintained during all refueling and maintenance operations. 
In the course of the normal refueling sequence, carried out every three weeks, 
the reactor primary system is cooled to about 75°F, and is brought to atmos
pheric pressure. At special maintenance shutdowns the primary system is 
brought to 75°F and atmospheric pressure, and the complete fuel loading is 
removed to the canal. On these occasions, the control rod blades are changed. 

3.2 STRUCTURAL DESIGN. 

3.2.l LOADINGS. 

3.2.l.l Design Pressure. The containment system is designed to with
stand an internal pressure of 2 psig. The choice of this value of the maxi
mum internal pressure for the containment system is based in part upon a con
sideration of possible reactor accidents, and in part upon considerations of 
leak testing and of the economics of the building cost. Since the primary 
system water temperatures and pressures in the HFBR are low: l20-l35°F, and 
200 psig, the release of the total primary water inventory into the reactor 
building results in only a modest pressure rise. The peak pressure and tem
perature in the maximum credible accident are 0.9 psig and l27°F, respectively 
(see section 14.6). These maxima result from the addition of the core after
heat to the building atmosphere, in combination with the transfer of energy 
from the atmosphere to internal structures in the building. 

In connection with the leak testing procedure, it is desirable to carry 
out leak tests at as high an internal pressure as practicable, since this re
sults in better accuracy in the measurement of the leak rate. The containment 
design calls for a leakage rate of a few percent of contained volume per day 
and it was felt that a higher internal design pressure than the l psig indi
cated by the maximum accident was necessary in order to achieve reasonable 
accuracy in the leak test measurement, at least in the initial tests on the 
building. Further, a consideration of the snow and wind loads for which 'the 
reactor building had to be designed showed that a structure which would sup
port these loads would withstand an internal pressure of 2 psig with essen
tially no change in basic structure or cost. Accordingly, the design inter
nal pressure was set at 2 psig. 

Since the reactor building is exhausted by suction fans, it is necessary 
to provide suitable relief valves to insure that the maximum possible negative 
pressure does not damage the building structure. A pair of vacuum breakers, 
VSV-IB-306 G and H, are installed in one of the fresh air inlet lines up
stream of the butterfly valve. In the event of the inlet butterfly valves 
inadvertently closing while the exhaust fans continue to draw on the build
ing, this pair of vacuum breakers will open and allow the normal 10,300 cfm 
to pass through at a maximum pressure drop of 1.4 in. water gauge. The 
vacuum breakers are Shand-Jurs Company Model st-5455 manhole cover-plate 
types for mounting on standard 20 in. API manholes. They are constructed 
of aluminum. 
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The fans have a maximum suction head of 6.8 in. water gauge. The build
ing shell is designed for vacuum, snow, and wind loads which are equivalent to 
an internal negative pressure of 9.25 in. water gauge. Thus, in normal condi
tions of ligh winds and no snow, the building will easily withstand the full 
head of the exhaust fans even without the vacuum breakers. 

3.2.1.2 Internal Loads. The steel shell of the hemisphere is kept free 
of any significant loads from equipment or components within the building. The 
internal building structure, which is of reinforced concrete, is supported 
through the central biological shield column and through perimeter columns and 
walls, with all of these loads being transmitted to the concrete foundation 
mat. Table 3.2-1 lists the dead loads and equipment weights in the building, 
and Figure 3.7 shows the permitted live loading of the various floors and 
areaways. 

3.2.1.3 EXternal Loads. The external design loads on the reactor build
ing are due to snow, wind, and earthquake. The design snow load is 20 psf. 
The design wind load corresponds to winds of 120 mph, i.e., hurricane inten
sity, with a reduction of the wind pressure in view of the hemispherical shape 
of the building according to the ASA Building Requirements, Section A58.l. 
The net effect is a wind load external pressure of 24 psf. The design earth
quake load is a horizontal acceleration of 0.1 g. With a gross weight in the 
hemispherical portion of the dome of 739,000 lbs, the earthquake loading is a 
horizontal force of 73,900 lbs. 

3.2.2 STEEL DOME STRUCTURE. The steel dome structure of the reactor 
building is formed of welded steel plates supported upon an internal I-beam 
frame work. The shape of the building is that of a hemisphere resting upon 
a short cylindrical section. The inside diameter of the hemisphere (and cy
linder) is 176 ft-8 in. The height of the cylindrical base is 22 ft-4 in. 
The base rests upon a bed plate which is bolted to the reinforced concrete 
foundation ring. The hemispherical portion of the dome is insulated on the 
outside and the insulation is covered by aluminum sheets. The cylindrical 
section of the dome is covered on the outside by a brushed tar and felt layer 
on the buried portion, and by a cement coating on the exposed portion. 

The material for the plates which form the surface of the hemispherical 
and cylindrical sections of the dome is an intermediate tensile strength car
bon steel, ASTM Specification A285-57T, grade C, flange quality. The minimum 
yield point for this steel is 30,000 psi, with a tensile strength range .of 
55,000 to 65,000 psi. The steel plates in the hemispherical section of the 
dome are 0.250 in. thick, and those in the cylindrical portion are 0.375 in. 
thick. The internal I-beam structure in both the hemispherical and cylindri
cal sections of the dome is formed of 'beams of 6 in. depth by 4 in. flange 
width, with a weight of 8.5 lbs/ft. The material for these beams is a struc
tural quality carbon steel to ASTM specification A36-61T. The minimum yield 
point for this material is 36,000 psi, with a tensile strength range of 
60,000 to 80,000 psi. 

The inner surface of the hemisphere and the I-beam structure is painted 
with an epoxy primer paint, retouched after all welding and finishing is com
pleted, and finished with a coat of an epoxy amine resin paint. The primer 
and finish coat have a combined dry film thickness of 4 mils minimum. The 
outer surface of the steel hemisphere is shop painted with an epoxy primer 
paint, touched up in the field with a red chromate primer after all welding 
and finishing is completed. 

The insulation material applied to the outside of the hemispherical 



Table 3;.2-1 Table of Dead Leads and Operating 
Equipment Weights in the HFBR Building. 

OPERATIONS LEVEL 

CORE STRUCTURE 
ON EXPERIMENTAL 
LEVEL 

Craneway 
Crane JD-102 
Hoist JD-105 

ITEM 

Instrument Shop & Office Structure 
D2o and Health Physics Labs 
Offices (2) 
Fuel Element Room Shield Wall 
Core Platform k 
FA-102,FA-202,EA-202 (Exel. 64 D20) 
Floor Slab & Girders (Uniform) 
Additional Slab & Lead Shielding 

Crane JD-101, 1/2 wt. on core 
Reactor vessel and Internals 
Reactor vessel D2o Inventory 
Reactor Lead Shielding 
LOwer Thermal Shield 
Upper Thermal Shield 
Thermal Shield Support: steel 

Lead 

Reactor Inlet Line P-101 
control Rods & Mechanisms 
Lower Service Floor 
upper service Floor 
Top Plug: 

steel Shot 

steel 
Concrete 

Horizontal Port & Shutter Assemblies 
vertical Irradiation 
Biological Shield: 

Tube Assemblies 
steel Plate 

& Pipe 
Lead, Boral 
concrete at 
275#/cu.ft, 

Other Piping (Except Buried Lines) 

LOAD IN 
THOUSANDS 
OF LBS 

141 
44 

6 
465 

38 
27 

106 
5 
6 

4640 

..J1Q2. 
6278 

29 
18 
18 

9 
110 

30 
4 
9 
8 

21 
5 

31 
8 

201 
36 

126 
16 

343 
119 

3440 
__ 3 

4584 

BALCONY LEVEL 

EXPERIMENTAL 
LEVEL 

EQUIPMENT 
LEVEL 

FOUNDATIONS 

ITEM 

crane JD-101, 1/2 wt. on Bale. 
columns Above 
Floor and Girders 
Columns Below 
Balcony Masonry & Tiling 
Air Conditioning & Miscellaneous 

42" Slab Below Bio-shield Polygon 
75" Slab over cave Walls 
42" Slab (47' radius) 
32" Slab (To outer cols.) 
Slabs & Girders (To perimeter wall) 
Beam Plug storage vault 
Trench cover Plates 
Masonry Structures 
North Truck Lock (within bldg.) 
Piping & Equipment, ceiling hung 
crane JD-103 
Hoists JD-104 & JD-107 

5' Thick cave Walls 
stacked Block Shielding 
Rolling Shielding Doors 
Pumps & EXchangers in caves 
Operating Liquid in Pumps & Exchangers 
Reactor outlet Line P-103 
Columns Below EXper. Level 
Perimeter wall 
Dorne 
concrete walls, Gen., Transf. & 
Filter Rooms 

Masonry Structures 
Equipment: Process, Electrical, Etc. 

Core Structure Foundation 
Perimeter Wall Footing 
Perimeter Bay Slab 
D2o Treating Pits 

LOAD IN 
THOUSANDS 
OF LBS 

29 
22 

1898 
145 
215 

~ 
2337 

252 
1480 
2400 
3120 
1672 
440 

84 
179 
101 
120 

4 
_.1Q. 
9872 

2000 
360 
100 
130 

60 
25 

735 
1410 

975 

475 
125 
200 

6595 

13100 
1400 
1100 

_!lQ 
15770 
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section of the dome is a roofing foam board of rigid fiberglass, 1.25 in. 
thick. The heat transfer "U" factor of this material is 0.18 Btu/hr-ft2-°F. 
The insulation material is retained by 18 gauge galvanized steel clips which 
are welded to the steel dome. The clips also hold wooden nailer strips which 
are used for mounting the aluminum surfacing. The fiberglass insulation is 
completely covered with a vapor barrier consisting of a 1 ply layer of 30 lb 
felt. Adjacent layers of felt are lapped and the joint brush-coated with a 
liquid cold tar. 

The final surfacing on the outside of the hemispherical portion of the 
dome is low specular gloss aluminum sheet .032 in. thick. The aluminum sheets 
are held in place by .050 in. thick aluminum batten bars and caps attached to 
the nailer strips. 

The inside of the cylindrical portion of the dome and the I-beam struc
ture attached to it are completely covered by a reinforced concrete inner wall 
which extends from the foundation footing under the cylinder to the level of 
the experimental area floor. This concrete wall, which is 10 in. thick, ser
ves to stiffen the steel cylinder, provides a very long sealing path for the 
steel-to-concrete joint, and supports the internal concrete structures above 
it without loading the steel structure from those sources. Figure 3.8 shows 
a cross-section of the steel cylinder, the internal concrete wall, and the 
attachment of the steel cylinder to the base plate and the foundation ring. 

Details of the steel dome structure are shown in Figure 3.9, which is a 
general assembly drawing for both the plate structure and the I-beam struc
ture, and in Figu~es 3.10, 3.11, and 3.12. The latter three drawings cover 
the layout of the steel plates for the cylinder, for the hemisphere, and the 
layout of the internal steel beam structure. 

The steel plates and I-beams were cut to size and rolled to the proper 
shape in the shops of the Graver Company. At the construction site the base 
plate for the steel dome was laid down on the anchor bolts provided in the 
reinforced concrete foundation ring. The steel plates of the cylindrical 
section of the dome were individually placed and welded together. The hemi
sphere was formed in subsections at an assembly area at the construction site. 
These subsections, comprising a number of surface plates with the supporting 
I-beam structure, were assembled and welded together on jigs which provided 
the basic hemispherical shape. The subsections of the hemisphere were then 
hoisted into place and welded together on the dome. 

All welding procedures and welder qualifications conformed to section IX 
of the ASME Code. The horizontal welded joints between plates of the base cy
linder were done by an automatic submerged-metallic-arc process and are of the 
double-groove butt weld type. vertical welds between the plates in the cylin
der, and all other welds on the dome, were of the manual metallic-arc type. 
The vertical joints between cylinder section plates were double-groove butt 
seams. Joints between plates of the hemispherical section were single-groove 
butt welds with either a backing strip or the integral backup provided by the 
I-beam support structure. All welds in the surface plates of both hemisphere 
and cylinder were checked for leak tightness by a soap bubble test under a 
vacuum box. spot checks, particularly at weld intersections, were made by 
radiographing welds. The radiographic examinations were made in accordance 
with ASME Code section VIII, Item UW-52, with the addition of a porosity 
standard. The general quality of the welding during fabrication was excel
lent, and very few spots in the steel dome structure required repair. At the 
conclusion of the few weld repairs which were necessary, no leaks could be de
tected with the soap bubble-vacuum box test in any of the seams sealing the 
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plates of the hemisphere and cylinder. 

The 2 psig internal pressure for which the steel dome is designed is ex
pected to occur only rarely in the life of the shell. The initial building 
pressure test will be made at the full internal pressure of 2 psig. subse
quent building tests will be done at the minimum internal pressure necessary 
to give meaningful results to leak rate tests. In view of the small number 
of pressurization cycles to the full 2 psig which are expected for the struc
ture, maximum allowable stresses for this condition were set at 85% of the 
minimum yield strength of the material in question. As the steel structure 
was actually designed, however, the 2 psig loading results in stresses which 
are substantially lower than this allowable maximum. The membrane stresses 
resulting from the full internal pressure are 8480 psi for the hemisphere 
plates, and 5660 psi for the cylinder plates. Bending stresses in both the 
hemisphere and cylinder plates are negligible for the internal pressure condi
tion. The I-beam structure follows the expansion of the plate shell under the 
internal pressure loading. 

For the thin-walled steel dome, the internal overpressure case is a sim
ple one in terms of the analysis for stresses and stability. Under a positive 
internal pressure, the plate stresses are simple membrane stresses and are 
readily calculable. The various external loadings, however, present a more 
difficult problem. The several external loads are considered below as an 
equivalent external pressure. The components of this equivalent external pres
sure are: 

a. 3/4 in. H20 vacuum 4 psf 

b. snow load 20 

c. wind load 24 

d. skin weight 11 

Total 59 psf = 0.41 psi 

The stresses in the hemisphere plate under this equivalent external pres
sure are calculated for the rectangular section between the I-beam framing. 
For the case where the plate bears on all of the circumferential I-beams the 
unsupported plate sections are approximately square. Since the plates are 
welded to the vertical I-beams, bearing on the vertical members is assured. 
The total stress in the plate for the case of a square section between sup
ports is 10,000 psi. Most of this is due to bending moments, with only 
920 psi of the total due to diaphragm stress. The deflection of the plate at 
the center is .30 in. in this case. Even if the hemisphere plates bear only 
on every fourth circumferential beam, the total stress is not greatly in
creased; 13,000 psi for this case. 

The over-all elastic stability of the hemisphere under the 0.41 psi 
equivalent external pressure depends upon the I-beam framing. The membrane 
stress in the plates is 885 psi, compared to an allowable value of 224 psi 
for elastic stability of an unstiffened hemisphere. The I-beam framing pro
vides an equivalent thickness to the composite section of 1.29 in., and 
raises the allowable membrane stress to 1100 psi for elastic stability. 
The maximum spacing of the supporting I-beams is 83.25 in., compared to a 
calculated allowable maximum spacing of 112 in. to interrupt and prevent the 
formation of lobes in the unstiffened hemisphere. 

The earthquake loading of 0.1 g, or 73,900· lbs, appears as a tangential 
shear and ~ horizontal thrust at the base of the hemisphere. The addition 
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of a 6 x 6 x 1/2 in. girth angle to the top of the cylindrical wall provides 
adequate resistance to these forces. The thrust loading amounts to only 
1150 psi, while the tangential shearing stress is 13,630 psi, well below al
lowable. 

The weight of the steel dome, with insulation and aluminum covering, 
amounts to 1758 lbs per foot of circumference. The corresponding compressive 
stress in the steel cylinder plates, without consideration of the I-beam 
structure, nor the stiffening effect of the concrete wall, is only 390 psi. 
The bearing stress on the concrete foundation under the steel base plate is 
14.6 psi. Even under full external pressure loading from snow, wind, and 
vacuum, giving 3712 lbs per foot of circumference, the compressive stresses 
are not large: 825 psi in the steel cylinder plates and 31 psi bearing load 
on the concrete. The base plate, which is 10 in. wide and 1 in. thick, is 
stressed at 4350 psi for normal loading, and 9250 psi at full equivalent ex
ternal pressure load. 

The forces on the base plate and anchor bolts of the dome from the up
lift force of the 2 psig loading are as follows. 6The total upward force on 
the dome at 2 psig internal pressure is 7.05 x 10 lbs. The total dome steel 
and insulation weight is .975 x 106 lbs, leaving a net uplift force of 
6.075 x 106 lbs, or 10,950 lbs per foot of circumference. The dead load on 
the concrete wall, transmitted to the base plate at the foot of the wall, 
amounts to 5850 lbs/ft. The remaining uplift of 5100 lbs/ft is offset by the 
weight of the foundation ring and the loads on the equipment level floor, of 
total amount 6180 lbs/ft. The 5100 lbs/ft force is transmitted to the dome 
structure by the anchor bolts and by reinforcing bars in the concrete which 
tie the foundation ring to the concrete wall. stress levels in the 1 in. 
diameter ASTM A-7 bolts and the .75 in. diameter ASTM A-432 reinforcing dow
els are 19,100 and 11,700 psi, respectively. 

3.2.3 FOUNDATION STRUCTURE. The foundation of the reactor building is 
a reinforced concrete mat bearing on the soil beneath the building. The cen
tral load supporting elements, the columns and shielded cell walls, are car
ried on a unitized central mat. The outer load support element, the peri
meter wall, is carried on a continuous ring mat. An annular ring slab con
nects the two main support mats, supporting localized loads of walls and 
equipment, and is supported in turn on its inner and outer edges by the 
foundation mats. Detailed dead loads and operating equipment weights are 
given for each level of the building in Table 3.2-1. A convenient summary 
of this detailed list is given in Table 3.2-2 below. 

Test borings made at the building site showed that the soil in the build
ing area consists of sandy material with localized traces of clay and gravel. 
Lenses of various thickness and consistency exist to depths at least as great 
as the 90 ft of the deepest test boring. There is no uniformity of grain size 
distribution or density in the soil beneath the building. Experience with 
this type of glacial moraine deposit shows that it will withstand maximum 
loadings of 6,000 lbs/ft2 with settlements in the range of 0.5 to 0.75 in. 
The sandy substrate is not a suitable medium for load bearing piles and the 
bedrock is at such a great depth as to make piles bearing on rock impossible. 
The nature of the substrate as well as the large variations in local loadings 
on the building foundation, dictated the choice of a reinforced concrete mat 
foundation. soil bearing pressures from the building, together with the ori
ginal overburden conditions at the building site, are given in Table 3.2-3. 

Material specifications for the constitutents of the reinforced concrete 
are as follows. ·"rhe Portland Cement is Type 1, per ASTM C-150. Aggregate 
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Table 3.2-2 Summary Table of Dead Loads and operating Weights of 
Equipment 

SUMMARY 

ITEM 

Operations Level 
Core Structure to El. 110 ft-9 in. 
Balcony Level 
EXperimental Level 
Equipment Level 

Total on Foundations 

Foundations 

Total 

DISTRIBUTION OF LOADINGS 

Core Mat 
Perimeter Footing 
Perimeter Bay 

Total 

Table 3.2-3 Average Soil Pressures 

SOIL PRESSURES FROM HFBR BUILDING 

core Mat (15600 ft 2) 

Perimeter Footing (2750 ft 2 ) 

Perimeter Bay (8600 ft 2) 

ORIGINAL OVERBURDEN AT HFBR SITE 

Diameter 

Average Height 

volume 

Approx. Weight 

Average overburden soil Pressure 

LOAD IN THOUSANDS 
OF POUNDS 

6278 
4584 
2337 
9872 
6595 

29666 

15770 

45436 

37696 
6000 
1740 

45436 

2420 lbs/ft2 

2180 

200 

177 ft 

23 ft 

564,000 ft3 

59 x 106 lbs 

2400 lbs/ft2 

materials are to ASTM C-33 and c-58, with the fine aggregate being "Port 
Washington" or "Port Jefferson" sand, and the coarse aggregate being broken 
stone of the type known locally as "Hudson River Trap Rock". Reinforcing 
bars for the concrete are deformed bars per ASTM A-432. This steel has a 
minimum yield point of 60,000 psi, a minimum tensile strength of 90,000 psi, 
and an elongation of 11% minimum in full diameter, 8 in. long test specimens. 
The mix water was specified to be drinking quality. 

The specified strength of the concrete was 3600 psi minimum compressive 
strength at 28 days. Proportioning of the concrete to obtain this strength 
was done according to Method 2, ACI-318. All of the concrete in the founda
tion structures was delivered ready-mixed, with the loading of trucks and the 
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mixing procedure controlled by ASTM C-94, "Standard Specification for Ready
Mix Concrete." Slump tests were made from each truck load delivered to the 
job site in accordance with ASTM C-143 and ASTM c-172. The design slump was 
3 in. for slabs and 5 in. for walls. Although the design slump was greater 
than would be required for normal sections, it was found that better place
ment around closely spaced reinforcing was obtained, Strength was in no case 
sacrificed. Loss of density was minor and the possibility of honeycombing 
minimized. However, in the actual placement of concrete in several high wall 
areas and in the canal walls, some evidences of honeycombing were discovered. 
The honeycombed areas were repaired by carefully chipping out the defective 
deposits back to sound concrete and then filling with pneumatically applied 
mortar. 

Test cylinders of all concrete pours were obtained and were tested ac
cording to ASTM C-42, "Methods of Securing, Preparing, and Testing Specimens 
for Hardened concrete for Compressive and Flexural Strengths." The results 
of these tests have shown the concrete strength actually obtained in the 
foundation mat to run well above the specified minimum compressive strength 
of 3600 psi. 

The principal loading on the foundation of the HFBR building is carried 
by the core mat, as is seen in Table 3.2-2. The core mat has a uniform thick
ness of 5 ft and a diameter of 141 ft-0 in. There are several irregularities 
in the core mat, notably the fuel storage canal which is 43 ft long, 8 ft wide, 
and 20 ft deep. The canal has a deeper section at one end which is 30 ft deep. 
Pits for a n 2o storage tank and freight and personnel elevators are located at 
the edge of the core mat and are constructed integrally with the mat. 

The structural design of the core mat was based on the analysis of a uni
form slab on an elastic foundation, considering all loads within the effective 
mat area and correcting for the boundary conditions at the mat edges and for 
other irregularities. A maximum allowable stress of 24,000 psi was set for 
the steel reinforcing bar. Concrete maximum allowable stresses were set ac
cording to ACI-318, "Building Code Requirements for Reinforced Concrete." 
Thus, the allowable flexural compressive stress was set at 1620 psi, the al
lowable shear stress at 90 psi, and the allowable bond stress at 245 psi. 
Since the core mat tends to be generously reinforced, the actual stresses 
to be expected are well below the maximum allowable values in all sections. 

The perimeter wall footing, which is the foundation for the steel shell 
of the building, is a fairly uniformly loaded member. This permits the 
foundation to proceed on the more straightforward basis of the ACI Building 
code. several cases had to be considered in the design of the perimeter foot
ing, including the 2 psig internal pressure case where the foundation is ac
tually lifted slightly by the steel dome, and the case of normal operating 
loads, dead loads, and wind and snow loads on the steel dome. Stresses in 
the concrete and reinforcing elements are minor for all cases of loading. 
The cross sectional dimensions of the foundation ring are 3 ft-6 in. depth by 
5 ft-0 in. width. The circumference of the ring is 555 ft. The steel shell 
of the building and the perimeter concrete wall are joined to the footing as 
shown in Figure 3.8, and as discussed in section 3.2.2. 

The perimeter bay floor connecting the core mat with the perimeter 
foundation is a 12 in. thick reinforced concrete slab, poured over compacted 
soil fill between the central mat and the perimeter foundation and resting 
on those two members. The radial span is 15 ft-6 in. The loading conditions 
considered in the design include both the normal load case, where the floor 
slab is partially supported by the substrate, and the building pressurization 
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test case where the slab is supported only at the inner and outer edges. Steel 
stresses in the latter case are close to the 24,000 psi maximum allowable 
stress. Under normal loading conditions, however, the steel stresses are re
duced to about 1/3 of allowable values. 

Since the foundation structure is part of the containment shell of the 
building, special provisions were necessary to insure the desired tightness of 
joints. Expansion joints in the foundation structure, necessary between the 
core mat and the perimeter bay floor, were sealed as shown in detail A of Fig
ure 3.13. Construction joints are necessary in the core mat itself, since the 
mass of concrete in this structure is too great to be laid down in a single 
continuous pour. Details of the air seals for construction joints in the core 
mat are shown in detail B of Figure 3.13. The joint between the perimeter bay 
floor, the perimeter foundation ring, and the perimeter concrete and steel cy
lindrical walls is shown in Figure 3.8. Other penetrations, for doors, air
locks, and piping and electrical penetrations, are shown in the assembly of 
figures presented with section 3.3. 

3.3 AIR LOCKS AND OTHER OPENINGS 

3.3.l SUMMARY TABLE OF PENETRATIONS. The tables below, 3.3-la and 
3.3-lb, give a summary of the electrical, piping, and airlock penetrations 
of the containment shell. There are about 250 penetrations; ranging in size 
from 12 ft x 14 ft airlock doors to 3/4 in. pipe. The various sealing de
tails are shown in Figures 3.14 to 3.19, and are discussed in the next sec
tion. 

3.3.2 PENETRATION DESIGN DETAILS. Details of the sealing of the various 
penetrations listed in Tables 3.3-la and 3.3-lb are shown in the series of 
drawings 3.14 to 3.19. The sealing of the electrical penetrations to the con
tainment shell is shown in Figures 3.14, 3.15, and 3.16. In general, where 
an electrical conduit penetrates the steel dome, there is a seal weld from 
the dome plate to the conduit wall. Where the penetration is through a con
crete wall or the concrete floor slab, conduit seal assemblies are used. 
These fittings have long leak-path flanges cast into the concrete, with the 
fitting-to-conduit seal being a rubber gasket under compression. The ground 
cables are cast into the foundation ring (Detail 23, Figure 3.14), passing 
through sections of 1 in. conduit at the surface of the concrete. The ground 
cable and conduit assembly is completely filled with solder. 

The seals between the conduits and the cable insulating sheaths are made 
with potting compound. . The fittings used to contain the potting compound in
corporate dams or compression gaskets through which the cables pass and ap
propriate entry ports so that the rubber sealing compound may be poured in to 
surround and seal the cables. 

In those cases where a multistranded conductor is used, particularly on 
the large gauge power leads into the building, there is a further sealing de
tail between the insulation sheath of the cable and the cable termination. 
This is accomplished as shown in Detail 58 (Figure 3.14), where the conduc
tors are fitted into the socket of a compression lug termination and the whole 
cup filled solid with solder. A double layer of self-vulcanizing high voltage 
rubber tape (splicing compound) and Scotch Electrical Tape are then laid on to 
cover the socket of the compression lug and are carried back to make a seal 
onto the insulating sheath of the cable. Where the cable terminates in cable 
clamps on bus bars, as in the case of the 2300 volt main power leads into the 
building, the tape layers are carried from the insulating sheath of the cable 
over the cable clamp assembly and sealed onto the bus bar itself. Both these 
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Table 3.3-la Electrical Penetrations of Containment 

SEAL TO CABLE SHEATH WIRE TO 
NAME NUMBER CONDUIT SIZE BUILDING SHELL TO CONDUIT CABLE TO SHEATH 

Grounds 26 250 MCM Ground cast into concrete Cable filled with Solder 
Solder 

Detail A Detail A Detail A 

Lights 3 3/4" Detail 38 CH Type EZS Cable Taped & soldered 

Lights 9 3/4", l" Detail 21 conduit CH Type EZS Cable Taped & soldered 
Wall Entrance Seal Seal with Compound 
Assy with Gland & 

Gasket to conduit 

Lights 5 3/4", l" , lJ.,i" Detail 32 CH Type EZS Taped & Soldered 

Lights l l" Detail 22 CH Type EYS Taped & soldered 
Floor Seal 

Fire Alarm l 3/4" Detail 38 CH Type EZS Taped & Soldered 
welded to Shell 

Fire Alarm 7 3/4" Detail 21 CH Type EZS Taped & Soldered 

Fire Alarm 3 2" Detail 32 CH Type EZS Taped & Soldered 

Power Lines 13 2" , 4" Detail 22 oz Type CRC Detail 58 

Power Lines 4 l" , li.,," 4 , 2" Detail 32 CH Type EZS Detail 58 

Power Lines 4 l" , lJ.,i" Detail 21 CH Type EZS Detail 58 

Power Lines 5 2" , 4" Detail 22 CH Type EZS Detail 58 

communications 6 3/4" Detail 21 Conduit CH Type EZS Taped & Soldered 
wall Entrance Seal 
Assy with Gland & 

Gasket to conduit 

Communications 3 l" Detail 32 CH Type EZS Tape at Joint 
to Bus 

Telephone 2 3/4" Detail 32 CH Type EZS Telephone Co. 
Dam 

Telephone 1 4" Detail 22 OZ Type CRC Telephone Co. 
Dam 

Instrumentation l l" Detail 32 CH Type EZS Taped & Soldered 

Instrumentation 5 l" , lJ.,i", ii.," Detail 21 CH Type EZS Taped & Soldered 

Spare Power 8 4" Detail 22 capped 
Cables 

spare 14 l" Detail 21 Capped 

Spare 10 l" , li.,," 4 , 2" Detail 32 capped 

Spare 2 l" Detail 38 Capped 
welded to Shell 



Table 3.3-lb 

NAME 

Piping 

Drain - sanitary 

Drain - Sanitary 
Cleanout 

Piping 

Drain - Sanitary 

Piping 

Piping 

Piping 

Sump, GA-303 

Fast Chopper Beam 

Elevators 
Hydro Cylinder 

Piping 

Piping 

Nitrogen 

Drain - sanitary 
Floor 

Air Intake & 
Exhaust Pipes 

Air Piping 

Piping 

Piping, spares 

Drain - Sanitary 
Floor 

Air Loe~. Piping 

Air Lock, Piping 

Air Lock, Shaftway 

Air Lock, Piping 

Doors, Bulkhead 

Doors, Air Lock 

Doors, Air Lock 

Building Test Air 
Inlet 

Bui.lding Test 
Instruments 

Piping Penetrations of Containment 

NUMBER 

4 

20 

6 

l 

4 

3 

l 

l 

l 

l 

2 

13 

2 

l 

9 

3 

l 

l 

2 

2 

9 

13 

l 

2 

4 

2 

6 

l 

5 

PIPE SIZE 

2" • 4" 

2" • 3" • 4" 

4" 

2" in 4" 

4" • 6" 

2"in 4" 

l~" 

3" 

24" 

36" ID 

8-5/8"xl/4" Wall 
l6"xl/4" Wall 

3/4". l" • l~". 
3" • 6" • 24" 

2", 4" 

8" 

4"x2", 4 11x8 11 , 

6 11x3 11 , Funnels 

30" 

3/4" 

2 11 in 4 11 

4" 

3" 

l/2". l" 

3/4", l/2", l~" 

4' x 8' 

6" Sleeve with 4 
l/2" couplings 

2'6"x6', 2'6"x3'6" 
6'x7' 

12' x 14' 
3'4" x 7' 

3'4"x7', 6'x8'9" 
12' x 14' 

10" 

l" 

SEAL TO BUILDING 

Detail D 

Detail G 

Detail F 

Detail K 

Detail K 

Detail K 

Detail D 

Detail D 

Detail Similar to G 

Detail B 

Detail G 

Detail E 

Detail similar to E 

Detail c 

Detail 0 

Details D & K 

Welded to shell 

Detail Similar to E 

Detail E 

Detail M 

Welded to Door Frame 

Puddle Flange cast into 
Concrete 

Angle cast into concrete 

Puddle Flange Cast into 
concrete 

Door Frame cast into 
concrete Thiokol caulk 
at Joint 

Frame Welded to Shell 

Frame cast into concrete 
Thiokol seal at Joint 

Detail E 

Detail E 

INTERNAL SEAL 

Closed System External· 
to Containment 

6' Trap 

Detail F 

Closed system External 
to Containment 

6' Trap 

Closed system 

6' Trap 

Closed System 

7' Trap 

Flanged 

Closed System 

Closed system 

Closed System 

Flanged 

6' Trap 

Butterfly Valves; 
Neoprene Gaskets on 
vacuum Breakers 

Closed system 

Closed system 

capped 

6' Trap 

Closed system 

Closed System 

Gasket 

Closed system 

Gasket between 
Door & Frame 

Inf lated Gasket between 
Door & Frame 

Inflated Gasket between 
Door & Frame 

Blind Flange and Gasket 

capped 
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latter types of tape seals on large cables have been tested for leakage and 
found to be tight. 

Piping penetrations to the steel dome of the containment shell are seal 
welded to the dome plates. Figure 3.17 shows typical details of these noz
zles. Since the design overpressure for the building is only 2 psig, simple 
fillet welds on the pipe penetrations are adequate. For pipe penetrations 
through the concrete foundation, typical details are shown in Figure 3.18. 
Here the pipe is simply cast into the foundation slab with a groove left 
around the pipe at the top surface of the concrete. This groove is then 
caulked with Thiokol LP-32 rubber base sealing compound. 

The internal seals for the various piping penetrations are, in many 
cases, a 6-ft high liquid trap formed by an appropriate loop in the pipe ei
ther just inside or just outside the containment shell. Since the liquid in 
all such trapped pipe lines is water, the 6-ft trap height is more than ade
quate to maintain a liquid seal against a 2 psig overpressure in the building 
(55.4 in. of water). A number of piping systems, for instance the cooling 
tower water system, are closed systems within the containment shell. The air 
lock pneumatic control piping systems, the steam supply system, and the domes
tic water supply are other examples of closed piping systems. Such systems 
generally have block yalves either inside or outside the containment shell 
wall. These closed systems are also at internal pressures which are larger 
than the 2 psig maximum pressure in the contained volume. 

3.3.3 AIR INLET AND EXHAUST VALVES. During all normal reactor operation, 
including refueling and maintenance procedures, the containment system is open 
to the outside atmosphere only through the two 30-in. diameter fresh air in
let pipes and the 30-in. diameter exhaust pipe to the filter bank and stack. 
The inlet pipes are sealed and the exhaust pipe is throttled, in the case of 
any release of radioactive material, by valves CV-IB-303F, CV-IB-304F, and 
CV-IB-306F. Thus, the proper automatic closing of these three valves is es
sential to the maintenance of the containment system during a reactor accident. 

The valves are 30-in. diameter butterfly valves supplied by the Continen
tal Equipment Company. The valve bodies are lined with a bonded neoprene liner 
which extends out onto the flange faces to form the flange gasket on either 
side. The material of the valve bodies and discs is cast iron. The disc 
shafts are stainless steel. The valves conform to the standards of the ASA 
for 125 psi, Class 2 butterfly valves. 

Figure 3.20 is a drawing of the valve and operating mechanism, typical of 
all three valves. Rotation of the valve shaft through nearly 90° to achieve 
full closure from the fully-open position is accomplished by a 50 lb actuating 
weight on a 20 in. lever arm. The valve shaft and lever arm assembly are held 
in the open position by a latch pin. The latch pin is held down by a pneumatic 
valve operator against a net spring force of 300 lbs. When the compressed air 
supply to the operator is cut off, the spring lifts the latch pin and the lever 
arm and weight close the valve. overtravel of the valve disc past the fully
closed position is prevented by a mechanical stop. 

The pneumatic operator is a Robertshaw 3-15 psig bellows-type valve top
works. compressed air is supplied to the operator from the building air sys
tem through a pressure reducer and a three-way, solenoid operated control 
valve. The solenoid valve is arranged so that the coil must be energized to 
supply air to the pneumatic operator. The butterfly valves are closed on a 
failure of the air supply, a failure of the electrical control circuit, or a 
trip action which opens the control circuit, Once a trip signal has been 
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given and the valve allowed to close, reopening of the valve must be done man
ually. The lever arm is raised to the open position and the latch pin is re
engaged in a notch in the lever arm support plate. After a trip signal has 
been applied, therefore, it is impossible for any subsequent electrical or 
compressed air signals to open the butterfly valves. 

The inlet air duct butterfly valves close tight in response to a trip 
signal. The exhaust duct valve disc, however, is stopped short of a tight 
seal by a mechanical stop which intercepts the actuating weight and lever 
arm. The amount of opening left in the exhaust duct is such as to reduce the 
air flow to the filter bank to 7,000 scfm at 2 psig internal building pres
sure. This is 70% of normal flow rate to the filters, and assures adequately 
low face velocities in the filter elements for full efficiency. 

The butterfly valves are controlled by the nuclear incident alarm system, 
which monitors the radiation level in the building. Should a major release of 
radioactive material occur, the alarm system causes the butterfly valves to 
close, switches off the exhaust fans, sends an alarm signal to the Laboratory 
security Office, and closes the air conditioning unit condensate drain valves. 
The alarm system and associated control circuits are discussed in Section 
9.6.5. In addition to the automatic closing of the butterfly valves by the 
incident alarm system, the valves may also be closed under manual control from 
the reactor control room. The closure time of the butterfly valves is ex
pected to be less than 2 sec from the time of application of the trip signal 
from the alarm system. The response of the alarm system is quite fast, with a 
response time less than .5 sec. 

Since the building leak rate is measured without the exhaust vent to the 
stack, the exhaust duct must be completely closed for leak rate tests. This 
is accomplished by removing the throttling stop which holds the exhaust duct 
valve partially open, and allowing the exhaust valve to close tight. After 
the leak rate test is completed the stop is replaced. 

In addition to the butterfly valves, which respond either to manual con
trol or to the presence of radioactive material within the building, the air 
inlet ducts have additional closure mechanisms which respond to an overpres
sure condition in the building. These overpressure protection devices are 
gravity check valves in the air stream. As long as air flows into the reac
tor building the check valves are held open. A reversal in the flow direction 
causes them to close. Figure 3.21 shows a sectional drawing of one of the 
check valves. 

3.3.4 AIR LOCKS AND BULKHEAD DOORS. There are four air locks, with a 
vertical air lock shaft connected to one of them, and three bulkhead-type gas
keted doors in the HFBR containment shell. The table below gives the basic 
dimensions of these components of the structure. 

The air locks are constructed of reinforced concrete. Figures 3.22 and 
3.23 show the south personnel air lock which leads from the south stairway to 
the entrance lobby. The construction is typical of all of the air locks and 
of the air lock shaftway. The location of the several air locks and bulkhead 
doors will be found on the building architectural layouts, Figures 3.3 through 
3.6. 

Door frames for the air lock doors and bulkhead doors are welded to the 
steel dome structure, where appropriate, or are set into the concrete struc
ture around them and are sealed with Thiokol LP-32 caulking compound. The air 
lock doors are sealed to the frames in the closed position by applying air 
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Table 3.3-2 Air Lock and Bulkhead Door Dimensions 

Inside Dimensions Door Dimensions 
Length Width Height Width Height 

East Truck Air Lock 65'-0" 14'-0" 15'-0" 12'-0" 14'-0" 

North Truck Air Lock 65'-0" 14'-0" 14'-4" 12'-0" 14'-0" 

North Personnel Air 
Lock 18'-0" 9'-0" 14'-4" 6'-0" 8'-9" 

south Personnel Air 
Lock 9'-0" 7'-0" 8'-0" 3'-3" 7'-0" 

Transformer Room 
Bulkhead Door 2 '-6" 6 1 -8 11 

Emergency Generator 
Room Bulkhead Door 2 1 -6 11 6 1 -8 11 

Filter Room Bulkhead 
Door 2 1 -6 11 6 1 -8 11 

North Air Lock 
vertical Shaftway 8'-0" 4'-0" 13'-l" 4'-0" 8'-0" 

pressure to an inflatable rubber gasket which expands against the frame. A de
tail of the gasket is shown on Figure 3.23. Each door is equipped on each side 
with a push-button control station and the two doors to each air lock are con
trolled so that only one may be open at a time. The control system is pneu
matic, operating on 15 psig compressed air from the building air system. oper
ation of the push-button control at a door vents the gasket air, leaving the 
door free to open. At the same time a pilot-operated valve inactivates the air 
dump circuit on the opposite door of the air lock, preventing it from being 
opened. When the first door is closed, the gasket on that door is reinflated 
and the dump circuit of the opposite door is restored to operating condition. 
If the "open" button at a door is pushed, but the door is not opened, the gas
ket is reinflated in 10 seconds so that the opposite door can be opened. Suit
able connections are available on the outside of the building at the several 
air lock locations for attaching compressed gas cylinders. This allows the op
eration of the air lock doors in the event that the building compressed air 
system should fail. 

The bulkhead doors are manually operated, marine-type gasketed steel 
doors. They are sealed shut against soft rubber gaskets by locking wedges. 
The north air lock shaftway, which connects to the interior of the north truck 
lock, is sealed at the upper end by a rectangular reinforced concrete hatch 
which rests upon a soft rubber gasket. This shaftway is used for transferring 
materials from the operations floor directly onto a truck in the north truck 
lock. The shaftway hatch cover is operated as one door of the truck air lock, 
and the outer door of the lock cannot be opened unless the hatch is closed. 

Because of the relatively large population within the reactor building for 
research activities, the personnel air locks will be in more or less constant 
use during the normal working day. Truck entry, requiring opening of the large 
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air locks, will be less frequent, about once each working day. 

3.3.5 TESTING OF CONTAINMENT VALVES. The proper operation of the nuclear 
incident alarm system and the three butterfly valves on the building air inlet 
and exhaust-ducts will be frequently tested. The operating plans for the re
actor call for a test of the butterfly valve closing mechanisms at every sched
uled shutdown. (Shutdowns for regular refueling occur every three weeks.) The 
method of testing will be to trip one of the two radiation monitoring units in 
the nuclear incident alarm system with a calibration source. An inspection 
will be made to see that all three of the air duct butterfly valves have closed 
properly. The calibration source will then be removed and the butterfly valves 
reset to the open position. The procedure will be carried out at each shut
down, with alternate radiation detector units being used to supply the trip 
signal on alternate shutdowns. The use of a radioactive source at the detector 
unit to activate the test operation of the system insures that all components 
in the system are operating properly. 

No specific tests of the building air locks are required. Since the air 
locks are in daily use, a faulty gasket or door mechanism will be noticed much 
more frequently from the normal use of the air locks than from any periodic 
testing which might be instituted. 

3.4 ATMOSPHERE CONTROL AND EXHAUST 

3.4.1 HEATING, VENTILATING, AND AIR CONDITIONING. The building ventila
tion system is arranged to provide a small negative pressure throughout the 
reactor building at all times. The fresh air requirement of 10,300 cfm is 
supplied to the experimental area. Ducting of the ventilation system is ar
ranged so that areas subject to radioactive contamination are maintained under 
lower pressure than the cleaner areas, thus insuring that air flow will be from 
clean to contaminated areas. The experimental area is maintained at 1/8 to 
1/4 in. water gauge negative pressure. The operations area and equipment area 
are maintained at a pressure from 1/8 to 1/4 in. water gauge less than that of 
the experimental area. Shielded process areas and cells are, in turn, main
tained at slightly lower pressures to insure that leakage to them is inward 
only. All exhaust air is removed from the building by an exhaust duct system 
to the filter room and then to the atmosphere via the stack. 

Each area of the building is air conditioned and heated by a system of 
local air handling units. Each of these units has circulation fans, filters, 
cooling coils, and reheat coils, the latter two items being fed with chilled 
water and hot water from the mechanical equipment area in the reactor building 
basement. The local units discharge into a supply air duct system with ceil
ing distribution in the areas served. Zone thermostats control conditions in 
each area or zone in the building. A major portion of the air taken into each 
unit is recirculated. 

TWo absorption type chillers, operating in parallel for high loads, sup
ply the necessary additional chilling to the domestic well water for humidity 
and air conditioning of the building. Hot water for reheat coils is supplied 
from the building hot water system. 

Figure 3.24 shows the detailed air recirculation, fresh air supply, and 
exhaust for the building system. The air conditioning units IB-301 and 302 
are situated on the operations floor. The total, cooling load for this area 
is 819,500 Btu/hr. The two units each recirculate 13,820 cfm. The air con
ditioning units IB-303, 304, 305, and 306 service the experimental area, which 
includes both the experimental floor and the balcony level. These units have 
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a cooling load of 2,350,400 Btu/hr. The recirculation rate of these units is 
about 18,500 cfm each. The units IB-304 and IB-306 each take 5150 cfm of 
fresh air. from the outside as part of their circulation flow. Much of the 
cooling load in this area is due to experimental equipment, and the total 
cooling load noted above is an estimate of the maximum load which might occur 
in this area. The units IB-307 and 308 service the equipment floor. The 
cooling load in this area is 581,400 Btu/hr, exclusive of the main pump heat
ing load which is carried separately. Each of these units recirculates 
11,100 cfm. The units IB-310A and IB-310B are located in the shielded cells 
for the D2o process equipment. These units remove the heat generated by the 
main pumps and certain auxiliary pumping equipment. The cooling load is 
235,000 Btu/hr, and each of these units recirculates 3,000 cfm. 

The north loading dock area and the air locks are not air conditioned, 
although the loading dock enclosed area is heated. The air locks receive con
ditioned air only through door usage into the main building area. 

On the equipment level the rooms for the 1,000 KVA transformers, the 
emergency electrical generator, and the filters are not part of the contained 
area. The transformer room and the generator room are forced draft ventilated 
using fresh air from the outside atmosphere. These rooms are heated by the 
building hot water system. The filter room is heated from the building hot 
water system. 

The south lobby area of the facility is not part of the contained volume. 
It is separately ventilated and air conditioned by the unit IB-309. The cool
ing load in this area is 224,000 Btu/hr, and the unit recirculates 4,800 cfm. 

The design conditions for the air conditioning system are as follows. 
During summer conditions with the outside temperature not exceeding 95°F dry 
bulb and 78°F wet bulb, offices, laboratories, the south wing building, the 
control room, and the entire experimental area and balcony will be 76°F, 5D°fe 
relative humidity. Toilets, locker rooms, the equipment floor, and the op
erating floor, will be 80°F, 50% relative humidity. The primary equipment 
rooms in the basement are held at 95°F, and about 27% relative humidity. 
During winter conditions with the outside temperature not below 0°F dry bulb, 
all air conditioned spaces in the general building area will be maintained at 
72°F and 50% or less relative humidity. The primary equipment rooms will be 
held at 95°F, and 27% or less relative humidity. The receiving area will be 
heated to 68°F. 

Exhaust air is collected by an overhead duct system with branches on all 
four levels of the building. The various duct branches combine in a single 
30 in. pipe on the equipment level. The main air exhaust flows through a 
venturi section in this pipe where the various shielded cell exhausts enter 
the stream. The venturi section is followed by the exhaust valve, after 
which the exhaust air leaves the building contained volume and enters the 
filter bank. The exhaust fans take suction on the filter bank, discharging 
the air past a monitoring station to the stack. Of these assorted components 
of the exhaust system the venturi and shielded cell exhaust are discussed in 
section 3.4.3, the exhaust valve in section 3.3.3, the filters in Section 
3.4.2, and the monitoring station and sta9k discharge in section 3.4.4. The 
exhaust fans remain to be treated here. 

The building exhaust fans, GB-303A and GB-303B are Trane company Size 
26A industrial units of the non-overloading centrifugal type. The fans are 
belt-driven at 800 rpm. Each fan will move 10,300 cfm of air at 70°F, devel
oping a suction pressure of 6.25 in. water gauge. The required brake 

f 
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horsepower at this operating point is 14.6 hp. The maximum suction head is 
6.80 in. water gauge. The exhaust blowers are connected to the building emer
gency electrical supply and have an automatic switchover which starts the 
standby fan if the normally operating fan should fail. Only in the event of 
an alarm signal from the nuclear incident alarm system are the exhaust fans 
switched off. 

The air conditioning units IB-304 and IB-306 on the balcony level are the 
only units which will produce an appreciable amount of water condensate. These 
units draw 5150 cfm each of fresh air from outside the building. The maximum 
condensation rate, for humid summer days, is about 15 gal/hr for each unit. 
The condensate is normally drained to the sanitary sewer system. In the event 
of an alarm signal from the nuclear incident alarm system, spring-loaded air
operated valves in the condensate drain lines close, and the condensate is re
tained in the building. The alarm system and associated circuitry is described 
in section 9.6.5. 

3.4.2 SHIELDED CELL AND OFF-GAS EXHAUSTS. The shielded cell and off-gas 
exhausts are connected ventilation systems which exhaust air from various 
equipment cells and pits directly to the filters. These systems are all shown 
in Figure 3.25. It is desirable to maintain the shielded cells and pits at a 
slightly lower pressure than the surrounding building atmosphere, so that air 
will leak into these spaces rather than out. The pressure differential to 
maintain the cells and pits at a lower pressure than the building is derived 
from taps on a 30-in. diameter venturi section in the main building exhaust 
line. The main exhaust, amounting to 9,850 cfm, is pulled through the venturi, 
KA-102, by the exhaust blowers and produces a reduced pressure in the midsec
tion of the venturi. The shielded cell exhaust lines are connected to the 
main line at this low pressure section. 

The principal shielded cell exhaust system is that in the reactor pit and 
the heavy water process rooms immediately beneath the reactor. The reactor 
pit and the heavy water process rooms are maintained at about 3/8 in. water 
gauge negative pressure, somewhat lower than the operations level and equip
ment levels. About 200 cfm of air is allowed to leak through the top shield 
plugs into the upper reactor pit. This air flow ventilates the reactor pit 
and is exhausted by a vent line into the process cells beneath the reactor. 
An additional 200 cfm of ventilating air is allowed to leak directly into the 
shielded cells. The total of 400 cfm is dumped into the main exhaust duct. 

Other shielded cells which are exhausted in this fashion are the FA-101 
pit, the trenches around the heavy water filters and ion exchange beds, and 
the pump sump at GA-304. The helium cover gas in the heavy water storage 
tanks FA-101 and FA-102 and in the experimental D2o system heat exchanger 
(~A-102} i'.s vj:!nted into the venturi. 

The various heavy water pumps all have mechanical shaft seals. Liquid 
drainage from these shaft seals is collected in a heavy water liquid drain 
system. The cavities into which the seals are allowed to leak must be vented 
through exhaust lines to keep tritium-bearing water vapor from the general 
building atmosphere. Thus, the various heavy water pump seal chambers are 
all exhausted into the venturi. 

In addition to these various shielded cell, storage tank off-gas, and 
pump seal exhausts, there is a main off-gas manifold which collects radioac
tive gases from the irradiation thimbles terminating on the operations level, 
from the reactor helium circulation system, the reactor vessel safety valves, 
and from fuel handling operations in the reactor pit. This off-gas manifold 
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is connected to the main exhaust venturi through a blower, GB-302. The blower 
is normally run only during fuel handling operations when an especially high 
volume of air flow is necessary in the reactor pit to cool the fuel elements 
in the process of transfer to the canal. 

The co2-filled cavity in the lower reactor pit is vented through a col
lection manifold and water vapor separator into one of the exhaust lines from 
the process equipment. 

Throughout the building there are ports on the exhaust gas ducts for at
taching exhaust lines from portable hoods which will be used when it is nec
essary to open a tritium-containing system for servicing. 

3.4.3 EXHAUST AIR FILTERS. The arrangement of the exhaust air filters 
is shown in Figure 3.26. The building exhaust air flow of 10,300 cfm passes 
from the exhaust duct into a concrete plenum chamber, through a series of 
entry ports, and into the filter bank. The filters are contained in a con
crete-walled chamber and are separated by sheet metal partitions. The air 
passes in turn through a roughing filter, IB-316, an iodine filter, IB-317, 
and an absolute-t~pe filter, IB-318. The exhaust air is then pumped by the 
exhaust fan into a 30 in. pipe to the stack. 

The roughing filter, IB-316, is a deep bed, pocket-type dry filter with 
a spun glass filtering medium. The filter bank consists of 12 units, each 
27 in. square in face dimension by 36 in. deep. The total face dimension of 
the roughing filter is 6 ft-9 in. wide by 9 ft-0 in. high for a total face 
area of 60 7 ft 2 • At the normal exhaust flow· the roughing filter carries 
170 cfm/ft~, corresponding to a nominal velocity of 2.83 ft/sec. The pres
sure drop through the roughing filter is .25 in. water gauge clean and .so in. 
fouled. 

The roughing filter units are manufactured by American Air Filter Com
pany, Inc., and are their model A air mat deep bed filter. A single layer 
of 100 FG filter down medium is used in these units. The roughing filters 
are designed to withstand a pressure differential of 6 in. water gauge for a 
period of 5 minutes. 

The iodine filter, IB-317, is of the silver-plated copper mesh type. 
The filter bank consists of 15 units, each with face dimensions 24 in. by 
24 in., and 4-1/2 in. deep. The total face dimension of the iodine filter 
bank is 6 ft-0 in. wide by 10 ft-0 in. height, for a total face area of 
60 ft 2 • At normal exhaust flow the filter carries 172 cfm/ft2 , corresponding 
to a nominal velocity of 2.86 ft/sec. The pressure drop in the iodine filter 
at normal exhaust flow is .125 in. water gauge clean and .25 in. fouled. 

The iodine filter units are manufactured by Flanders Filters, Inc., 
using silver-plated copper ribbon supplied by Metal Textile Corporation, 
fabric 32-1/2 Fll2 Ag/Cu. The filter medium is compressed to a density of 
27 lbs/ft3 and is held in place by 1/8 in. diameter rod wire grills on either 
side of the frame. The nominal surface area of the iodine filters is 27.5 
ft2/lb of silver-plated copper ribbon mesh. The filters are designed to with
stand a pressure drop of 6 in. water gauge for 5 minutes. The removal effi
ciency for elemental iodine is 95 percent. 

The absolute filter, IB-318, is designed to remove 99.97% of all partic
ulate matter in the exhaust air flow of 0.3 micron diameter or larger. The 
filter bank consists of 12 units, each 24 in. by 24 in. in face dimension by 
5-7/8 in. depth. The total face dimension is 6 ft-0 in. ~idth by 8 ft-0 in. 



3 23 

height for a total face ~ea of 48 ft 2 • At normal exhaust flow the absolute 
filter carries 215 cfm/ft , corresponding to a nominal velocity of 3.58 ft/sec. 
The pressure drop through the absolute filter at normal exhaust flow is 1.0 in. 
water gauge clean and 2.0 in. fouled. 

The absolute filter units are manufactured by Flanders Filters, Inc., 
stock number 6H70-a. The filter medium is glass with asbestos separators. The 
filter frames are treated for fire resistance and the over-all filter unit is 
rated for 300°F. Each filter unit is tested for strength, being required to 
support a pressure differential of 6 in. water gauge for 5 minutes, and for 
air flow capacity within rated pressure drops. The dioctyl phthalate (DOP) 
smoke test is used to test and confirm the rated efficiency for particle re
moval. 

3.4.4 EXHAUST AIR MONITORING AND DISCHARGE TO STACK. The exhaust air 
monitoring system samples the exhaust flow from the building filter bank as it 
enters the line to the stack. An isokinetic sampling nozzle removes a small 
stream of the exhaust air to a particulate monitor, RRa-305, and then to a gas 
sampling monitor, RRa-306. The exhaust air monitoring units are discussed in 
section 9.6.4. The radiation levels in the exhaust air stream from both par
ticulates and gas are displayed in the reactor control room with suitable 
alarms for high activity. The monitoring system itself, with tape deck and 
gas sampler chamber, is located in the filter room on the equipment level of 
the building. 

The stack through which all of the exhaust air from the HFBR passes is 
the Graphite Reactor stack. The stack is 27 ft I.D. at the base, 17 ft I.D. 
at the top and rises to an elevation of 350 ft above the general level of the 
Laboratory and the surrounding terrain. A very large flow of heated air from 
the Graphite Reactor passes up this stack, resulting in effective release 
heights for the effluent well above the top of the stack (see section 2.3). 
The high elevation of the stack top reduces the probability that exhaust gases 
from the HFBR will be recirculated into the building. 

3.5 BUILDING UTILITIES AND SERVICES 

3.5.l DOMESTIC WATER SUPPLY. Water is supplied to the HFBR complex from 
the BNL domestic water system (see Section 6.2). This system consists of a 
number of deep wells and an elevated storage tank. The well water is filtered 
and chlorinated to meet drinking water standards, and is further treated to 
stabilize solids. The temperature of the domestic water supplied to the build
ing will be about 54°F. The HFBR complex will use about 1200 gpm, of which 
700 gpm will circulate through the building air conditioning units before being 
added to the secondary system as make-up. About 300 gpm passes directly to the 
cooling tower system as make-up. The canal cooler, EA-202, uses 50 gpm which 
is then dumped to the storm sewer through the GA-303 sump and trap. The re
maining 150 gpm supplied to the building complex is used in the various re
search and maintenance operations in the building on an intermittent flow 
basis. Where the domestic water supply is used as a source of make-up water 
for cooling systems, the supply is first led to a break tank, H-305, located 
on the operations level. The domestic hot water supply is derived from the 
heater, IB-314, in which water is heated with the building steam supply. 

3.5.2 DRAIN SYSTEMS. There are five general drain systems in the HFBR 
complex. The first two of these are the DA drain system for the heavy water 
process systems and the CD drains for possible heavy water spillage. The DA 
system is a closed, stainless steel piping system which drains heavy water 
process equipment directly into the storage tanks. The CD drain system is 



3 24 

installed to collect spillage of heavy water and to transfer it to the FA-101 
pit where it may be recovered. Both of these systems are discussed in detail 
in section 7.6. The remaining three systems are the D waste system, the F 
waste system, and the sanitary sewer system. These latter three systems may 
properly be considered building utilities and will be discussed in this section. 

The D liquid wastes are those which are almost certainly radioactive, ex
cluding heavy water. The D drain system collects these liquid wastes from the 
various areas of the building and carries them to the sump of pump GA-304. 
This pump transfers the D wastes to the collection tanks in the Hot Laboratory. 
From there they are pumped to the general laboratory liquid waste storage tanks, 
the waste concentration plant, and subsequent disposal (see Section 11.2.2). 

The F liquid waste system handles waste liquids which may possibly contain 
radioactive materials. The F waste system drains into a storage vessel, FA-305, 
on the equipment level of the building. The circulation pump, GA-306, agitates 
the liquid in the tank so that representative samples can be taken to determine 
the radioactive content. The tank is partitioned into two halves to provide 
some flexibility in holding and sampling suspect liquids. Those wastes which 
are found to be above tolerance in radioactive material content are drained to 
GA-304 and are pumped to the Hot Laboratory as D wastes. Liquids which are be
low tolerance are disposed of to the building sanitary sewer system. Figure 
3.27 shows the pump and collection tank arrangement for the F waste system and 
the pump for transferring D wastes to the Hot Laboratory. 

The sanitary sewer system in the building is radioactively clean and re
moves normal building wastes. The sanitary sewer leaves the building through 
a six foot trap and empties into the laboratory sewer system. The laboratory 
sewerage is treated, analyzed for possible radioactive material content, and 
is eventually drained into the Peconic River to the east of the laboratory. 
The six foot trap in the sewer line insures that a 2 psig pressure in the 
building will not cause air leakage through the sewer lines. 

3.5.3 STEAM SYSTEM. Saturated steam at 90 psig is supplied to the build
ing from the laboratory steam distribution system. It is reduced inside the 
building to 50 psi, and then to 15 psi for building heating, air conditioning, 
and hot water service. condensate is collected and pumped back to the boiler 
house. About 8100 lbs/hr at 90 psig are required. The domestic hot water sup
ply system and miscellaneous uses account for 3000 lbs/hr, while the building 
air conditioning and heating loads consume the rest. The steam system flow 
diagram is shown on Figure 3.27. 

3.5.4 FUEL GAS. Fuel gas (LPG) is supplied at approximately 30 psi from 
the iaboratory fuel gas distribution system. It is used at about 10 scfm to 
fuel the propane gas engine which drives the emergency electrical generator. 
The fuel gas system is confined to the emergency generator room, and does not 
enter the contained volume of the building. 

3.5.5 COMPRESSED AIR SYSTEM. Air from outside the building is compressed 
in two reciprocating air compressors, GB-301A and GB-301B, cooled in an after
cooler, EA-302X, and then dried in a heatless desiccant dryer, FA-304X. The 
dryer also acts to remove oil from the air supply line since the air is used, 
among other things, for breathing. 

The compressor jackets and the aftercooler are cooled by water from the 
cooling tower system. During power failures it will be necessary to open 
3/4 in. drains on the return water cooling lines of the compressors and 



3 25 

aftercoolers to the building sewerage system. This will allow a gravity circu
lation of cooling water from the cooling tower pool through the compressor jac
ket and aftercooler. The compressor jackets use about 1 gpm each, and the com
mon aftercooler about 1.5 gpm. 

The pressure in the compressed air distribution system around the building 
is 80 to 90 psig. The compressors are arranged so that either or both can be 
operated continuously. One of the compressors, GB-301A, is alternately powered 
from the emergency generator supply, so that it will continue to operate during 
power failures. The compressor capacities are 95 scfm at 100 psig. The air 
compressor system is shown on Figure 3.27. 

3.5.6 ELECTRICAL POWER 

3.5.6.l General. The HFBR complex draws electrical power from the BNL 
substation in common with the Graphite Reactor complex. Distribution from the 
substation to the two reactors is at 13.8 KV. TWO transformers located at the 
Graphite Reactor fan house of 6,500 KVA capacity each reduce the substation 
voltage to 2.4 KV. Power to the BNL substation is supplied by the Long Island 
Lighting Company from a generating station in Port Jefferson, New York. The 
electrical supply to the Laboratory has been increasingly reliable in recent 
years, although short term failures continue to occur from time to time, 
chiefly in the thunderstorm season. 

To supply electrical power to the varied users in the HFBR complex, an 
electrical distribution system consisting of the following major components 
has been provided: 

Fan building 2.4 KV switchgear 
Underground distribution system 
Pump house 2.4 KV switchgear 
Pump house 440 v motor control center 
HFBR 2.4 KV switchgear 
480 V switchgear 
Emergency power system 
Motor control centers 
Experimental equipment 
Lighting system 

The Figures 3.28 and 3.29 show the interconnections of the above components. 
These components are discussed in detail in the sections which follow. 

3.5.6.2 Fan Building 2.4 KV Switchqear. Power is supplied to the HFBR 
from the fan building 2400 volt switchgear. The fan building 2400 volt switch
gear is split into two buses, isolated by a normally open bus-tie circuit 
breaker. Each bus section is supplied power from a 6500 KVA, 13.8 KV to 2310 
volt transformer, fed through a main incoming 2400 volt circuit breaker. Bus 
No. 1 serves the Graphite Reactor fans and the pump house and cooling tower 
area. Bus No. 2 serves the HFBR and has provisions for a future feeder. The 
two main incoming circuit breakers and the bus-tie circuit breakers are elec
trically interlocked to permit the following modes of operation: 

a. Normal Operation 
Main incoming circuit breakers #1 and #2 closed, 
bus-tie circuit breaker open. 

b. Emerqency or Standby Operation 
Main incoming circuit breaker #1 closed, 
main incoming circuit breaker #2 open, and 
bus-tie circuit breaker closed. 
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or 

Main incoming circuit breaker #1 open, 
main incoming circuit breaker #2 closed, and 
bus-tie circuit breaker closed. 

The Emergency or Standby operation would be utilized if the normal power 
supply to either bus #1 or bus #2 was lost because of component failure or 
maintenance requirements. Both bus #1 and bus #2 would be supplied (after the 
manual switching of the circuit breakers) from a single 6500 KVA, 13.8 KV to 
2310 volt transformer. During Emergency or Standby operation, care must be 
exercised to limit overloading of the transformer to short periods of time. 

3.5.6.3 Underground Distribution System. An underground conduit and man
hole system is used to distribute the power from the fan building to the HFBR 
building. This distribution system consists of manholes B6A, B6C, and B6D and 
their interconnecting duct banks. 

The HFBR power feeder consists of 9 single conductor, 400 MCM cables 
(three per phase), run in three 4 inch conduits. Based on six active conduits 
in the duct bank and an ambient temperature of 20°C, the rating of the 400 MCM 
cable is 350 amperes per cable, or 1050 amperes per phase. At the distribution 
voltage of 2310, these cables are capable of supplying the HFBR with 4200 KVA 
of power. 

Three 4 inch spare conduits are provided for future feeders emanating from 
bus #2 of the fan building 2.4 KV switchgear. These conduits terminate in the 
HFBR building, at the HFBR 2.4 KV switchgear. 

The 125-250 volt DC feeder, consisting of 3 single conductor, 250 MCM 
cables, is run in a 4 inch conduit. The DC feeder runs from the DC panel in 
the fan building to the DC section of the emergency motor control center in 
the HFBR building. 

3.5.6.4 Pump House 2.4 KV Switchgear. The 2.4 KV switchgear in the Pump 
House is furnished power from a feeder circuit breaker on bus #1 of the fan 
building 2.4 switchgear. The pump house switchgear feeds four cooling tower 
circulating water pump motors, and a 2300 volt/480 volt, 500 KVA transformer 
which supplies power to the 440 volt motor control center. 

3.5.6.5 Pump House 440 volt Motor Control center. The motor control cen
ter feeds the three existing cooling tower fans, the two new cooling tower fans 
and a lighting circuit. The fans are normally controlled from the "Start-stop" 
push button at the fan motor on the cooling tower, but a "stop" push button has 
been provided at each motor starter to allow for fan shutdown remote from the 
motor. 

3.5.6.6 HFBR 2.4 KV Switchgear. The HFBR 2.4 KV switchgear is supplied 
by a feeder from the fan building 2.4 KV switchgear. The HFBR switchgear is 
so arranged that a future main feeder cubicle can be added and a bus-tie break
er installed in an existing cubicle. The switchgear bus would then be split, 
with one bus section feeding experimental loads and the other bus section feed
ing reactor and building service loads. In the present arrangement all feeders 
of the HFBR switchgear supplying the primary loop circulating pumps GA-101A and 
GA-101B, each 400 hp, and two 1000 KVA transformers, 2400 volts to 480 volts, 
are connected to a common HFBR bus. 

The switchgear power breakers are solenoid operated, 250 VDC for "close" 
operation and 48 VDC for "trip" operation. The 250 VDC power is supplied from 
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the DC section of the emergency motor control center. The 48 VDC power is sup
plied from the battery located in the switchgear lineup. The power breakers 
have an interrupting rating of 150 MVA at 2400 volts. 

3.5.6.7 2.4 KV/480V, 1000 KVA Transformers. TWO dry-type 1000 KVA trans
formers are located in the transformer room on the equipment floor of the HFBR 
building. space is available for the addition of a third transformer. The 
transformers are three phase units with delta connected primary and wye con
nected secondary, and with a solidly grounded neutral. Transformer impedance 
is 8% which limits the maximum asymmetrical short circuit current at the 480 
volt bus to under 25,000 amperes. Three valve type distribution lightning 
arresters are wired to the transformer primary terminals to protect the trans
former from line or switching surges. Transformer #1 feeds the "Experimental 
Bus" of the 480 volt switchgear. Transformer #2 feeds the "Reactor and Build
ing Bus" of the 480 volt switchgear. 

3.5.6.8 480 volt Switchgear. The 480 volt switchgear consists of two 
main 1600 ampere buses. Each bus has a 2000 ampere frame, 1600 ampere trip 
main incoming air circuit breaker, and the two buses are separated by a bus
tie air circuit breaker. 

The main incoming and bus-tie circuit breakers are interlocked for auto
matic transfer of feeders on failure of either incoming line. During normal 
operation, (the "Manual-Auto" control switch in "Auto" position), both main 
incoming breakers are closed and the bus-tie breaker open, with electrical 
interlocking so that the tie-breaker can be closed only if one of the main in
coming breakers is open. Failure of one line will effect an automatic closing 
of the bus-tie breaker, and the opening of the main incoming breaker involved. 
To return to normal operation, the main incoming breaker is closed and the 
bus-tie breaker automatically trips open. If automatic transfer is not de
sired, the "Manual-Auto" control switch may be switched to the "Manual" posi
tion. 

The "Experimental Bus" has three feeder breakers, each of 800 ampere frame 
with 600 ampere trip. Each feeder breaker serves a power panel in the experi
mental distribution system. The "Reactor and Building Bus" has four feeder 
breakers, each of 800 ampere frame, three with 600 ampere trips, and one with 
a 300 ampere trip. The feeder breakers with 600 ampere trips serve the equip
ment floor motor control center, the operations floor motor control center and 
the lighting distribution panel. The feeder breaker with the 300 ampere trip 
serves the emergency motor control center. The main incoming bus-tie and 
feeder circuit breakers are all electrically operated, arranged for 250 VDC 
closing and 48 VDC tripping. The lighting distribution panel is located within 
the 480 v switchgear and is bused directly to its feeder breaker. The lighting 
distribution panel serves the mercury vapor lamp ballast racks and the 112.5 
KVA lighting load center. 

3.5.6.9 Emergency Power svstem. The emergency power system consists of 
the 125-250 VDC 3-wire supply originating from the fan building battery system, 
a propane engine driven generator supplying power at 440 V, 3 phase, 60 cycles, 
and a 480 v, 3 phase, 60 cycle "normal source" originating from the 480 volt 
switchgear. Figure 3.29 shows this system in a one-line diagram. 

The DC distribution equipment is in the emergency motor control center. 
The DC system supplies power to the 2.4 KV and 480 volt switchgear closing 
mechanisms, as well as instrument and relaying devices requiring continuous 
operating power. The emergency lighting is normally supplied from the AC sec
tion of the emergency motor control center, but on loss of this source, 
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automatically transfers to the DC supply. 

The primary shutdown pumps, GA-102A and GA-102B, have 250 volt direct cur
rent motor drivers. switching of these pumps is so arranged that only one pump 
at a time may be connected to the static AC to DC rectifier power source. Both 
pumps may be connected to the emergency battery power source. Normally one 
pump is operating and receives its direct current power from the normal AC 
power supply system through the rectifier. With a failure of the normal AC 
power supply, the pump driver is switched to the emergency battery power sup
ply until the gas engine driven emergency generator is up to speed and capable 
of carrying this load. After a few seconds delay the pump driver is then 
transferred back to the rectifier source of power. The switching arrangement 
is such that in the event that the normally running pump stops the other pump 
will be started automatically with its power supplied from the emergency bat
teries. A manual selector switch has been provided so that either of the 
pumps, GA-102A or GA-102B, can be driven from the "normal" power source (feed
ing through the rectifier). 

The propane engine driven generator is the "emergency" source for the 
emergency motor control center. On failure of the "normal" 480 volt source, 
the engine will start up automatically, and after it has come up to speed and 
stabilized, will automatically transfer to the emergency AC bus to assume the 
load previously supplied by the "normal" AC supply. The emergency generator 
rating at 440 volts, 3 phase, 60 cycles, is 125 KW continuous and 140 KW 
standby. The maximum operating load now on the emergency motor control center 
is 115 KVA. After the restoration of "normal" power, the retransfer back to 
the "normal" AC supply is by manual control of the automatic-transfer switch 
in the emergency motor control center. The engine-generator must also be shut 
down manually by means of the selector switch on the engine instrument and 
starting panel. 

3.5.6.10 Motor control centers. There are three motor control centers 
in the HFBR complex. The emergency motor control center has been described un
der "Emergency Power System". The other motor control centers are MCC #1, on 
the equipment floor and MCC #2, on the operations floor. The motor control 
centers are supplied power from the feeder breakers in the 480 volt switchgear. 
The motor control centers are rated at 440 volts, 3 phase, 60 cycles, with the 
main power bus rated at 600 amperes and braced to withstand 25,000 amperes 
asymmetrical fault current. The starters are combination, plug-in type, em
ploying a molded case circuit breaker and a magnetic air contactor with two 
manually reset thermal overload relays. Circuit breaker handles can be pad
locked in the off position. contactor control is at 110 volts, by means of a 
step-down transformer with a secondary protective fuse. 

3.5.6.11 Experimental Equipment. Power is provided for experimental 
users from the "Experimental Bus" of the 480 volt switchgear. Each of the 
three feeders supplies a 440 volt, 3 phase, 60 cycle power panel located on 
the experimental floor. Each power panel supplies power to the primaries of 
two 112.5 KVA load centers. The load center secondary is 120/208 volts, 3 
phase, 60 cycle, 4 wire, bused to a distribution panel in the load center. 

Each load center distribution panel feeds two or more experimental or lab 
receptacle panels. The experimental panels supply power at 120 volts and 208 
volts. Each experimental panel (on the experimental level) is located at a 
column and straddles a floor trench. Cables from the experimental panels to 
the user's equipment will be routed through the floor trench system. The 
power panels (for supply of 440 volt power) are also connected to the floor 
trench system. 
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For the DC requirements of the experimental users, 
tern has been furnished. Silicon rectifiers are used to 
3 phase power to DC. The rectifier output is connected 
panel #1. From the distribution panel, a circuit is run 
location on both the experimental and operations floors. 
location, the DC circuit is terminated at blocks mounted 

a 125/250 volt DC sys
transform the 440 volt, 
to DC distribution 
to each experimental 
At the experimental 

in an appropriate box.· 

3.5.6.12 Lighting system. Power for the lighting system is supplied from 
the reactor and building bus of the 480 volt switchgear. The 480 volt lighting 
distribution panel is located in the 480 volt switchgear. The mercury vapor 
lighting is operated from 480 volt ballasts fed directly from feeder breakers 
in the lighting distribution panel. The incandescent lighting is supplied from 
the lighting load center located on the balcony level. The lighting load cen
ter consists of a 112.5 KVA transformer with 480 volt primary fed from the 
lighting distribution panel, and a 120/208 volt, 3 phase, 60 cycle, 4 wire 
secondary bused to 3 pole feeder breakers which supply the lighting panels 
located throughout the building. 

3.5.7 COMMUNICATIONS SYSTEMS. The communications systems within the HFBR 
complex include a utility telephone system, and independent paging and inter
communications system. The telephone system ties into the main BNL telephone 
switchboard. The telephone cabinet is located on the equipment level just out
side the filter room. Additional telephone cabinets are located on the experi
mental and operations levels, as well as in the lobby. All telephone wires and 
cables and the phones themselves will be provided, installed, and connected by 
the New York Telephone Company. All maintenance on the telephone system will 
also be done by that company. 

The paging and intercommunications system is used for general announce
ments, paging, and to permit communications between the various nuclear facil
ities and control areas by members of the operating Division. The system con
sists of a main communications system rack housing the amplifiers, power sup
plies, volume controls, inverters, etc., microphones at the receptionist's 
desk in the lobby and at the operating console in the control room, and a 
number of telephone head sets, hand sets, jacks, and loud speakers located 
within the building. 

The two modes of operation are "paging" and "talking". Paging is accom
plished by talking into either of the microphones (one in the lobby, one in 
the control room) or by pressing the page button at a telephone hand set and 
talking into the transmitter. The caller's words are then broadcast on all 
speakers throughout the building. 

The "talking" operation permits a two-w-ay conversation between the party 
being paged and the caller. up to 10 phones may take part in the conversation 
by removing hand sets from the hook switches or plugging head sets into jacks. 
If the page button on the hand sets is not depressed, telephone conversations 
between parties on hand sets or head sets will not be transmitted over the 
loud-speakers. 

The paging and intercommunications system is normally powered from the 
120 volt, single phase, 60 cycle supply at lighting panel H. An emergency 
power feed is also furnished from instrument panel IDC. The emergency feed 
is 250 VDC. Upon failure of the normal AC power source, an automatic transfer 
relay switches to the emergency DC supply. The DC power is fed through inver
ters to convert to AC. On restoration of normal power, transfer from the 
emergency to the normal source is automatic. 
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3.5.8 FIRE ALARM SY8TEM. The fire alarm system is a completely automatic 
system which transmits a coded signal to the BNL fire house and at the same 
time sounds fire bells in the HFBR building. The system also lights an annun
ciator panel in the lobby of the HFBR building indicating the origin of the 
alarm signal. The building is divided into 14 zones, each monitored by auto
matic fire detectors. There are three zones on the equipment floor, one in 
the south lobby, five zones on the experimental level, two on the balcony 
level, and three zones on the operations floor. In addition to the automatic 
fire detectors, manual fire alarm pull stations are located throughout the 
building. 

On operation of an automatic detector or manual fire station, the fire 
alarm bells throughout the building sound and a coded signal is transmitted 
to the BNL fire house. The bells continue to sound until an alarm transfer 
switch in the fire alarm cabinet in the south lobby is operated. This is nor
mally done by the arriving Fire Department personnel. A remote annunciator 
panel for all of the fire stations is located in the reactor control room. 
This insures that operating personnel are informed of possible fire troubles 
when the lobby is not occupied, as during evening and weekend times. 

The fire alarm system is equipped with a trouble circuit which sounds a 
bell when a ground or open circuit condition occurs in the wiring system. The 
power supply for the fire alarm system is a 24 VDC nickel-cadmium battery. A 
battery charger powered from the 120 volt lighting system maintains the battery 
in a charged condition. The battery and charger unit are located in the south 
lobby at the fire alarm cabinet. 

3.6 CONTAINMENT SYSTEM LEAKAGE RATE 

3.6.1 DESIGN LEAKAGE RATE. There are two leakage rates which must be 
known for the HFBR building. These are the intrinsic building leakage rate 
and the rate of venting through the filter bank and stack. The building leak
age rate is measured with the stack vent closed off, and is due to the inevita
ble cracks and apertures in the containment shell which remain unsealed. The 
stack leakage is a deliberate venting of any internal overpressure through the 
exhaust duct butterfly valve. 

The design leakage rate for the building is 5.8 x 10-7 of the contained 
volume per second at 2 psi pressure difference between the building atmosphere 
and the environment. The fractional leakage rate corresponds to 5% per day gt 
2 ~si overpressure. With a net internal volume in the building of 1.73 x 10 
ft • the volumetric leakage flow rate is 60 cfm at 2 psig., 

The design leakage rate for the stack venting is 6.0 x 10-5 of the con
tained volume per second at 2 psi overpressure. The corresponding volumetric 
flow rate is 6230 cfm at 2 psig. 

3.6.2 LEAKAGE RATE AND SYSTEM PRESSURE RELATION. The variation of the 
leakage rate with system pressure depends, in general, upon the nature of the 
leakage paths. For the stack venting, the leakage path is clearly of the ori
fice type, and the stack leakage will vary directly with the square root of the 
system pressure. For the building leakage, which will be due to a number of 
different types of leakage paths, it is expected that terms proportional to 
both the first power and the square root of the system pressure will be pre
sent. An attempt will be made in the initial leakage rate tests to separate 
these two components of the building leakage rate. In all calculations on 
reactor accidents in this report it has been assumed that both the building and 
stack leakage rates are proportional to the square root of the building 
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overpressure. 

3.6.3 INITIAL LEAK RATE TEST. The initial leak rate test of the building 
will be done at 2 psig internal pressure. This test will also serve as a proof 
test for the steel dome and foundation structure against the design internal 
overpressure. The initial test will be performed at a time when the building 
structure is essentially complete. All of the piping systems will be complete, 
all of the air locks will be in operating condition, sewer system water traps 
will be full, and all electrical penetration seals will have been made. 

The building will be pressurized by a centrifugal blower mounted in the 
north receiving room, outside the contained volume. The pressurizing blower 
system is a permanent installation, and includes appropriate valves and connec
tions to the building. 

A leak-tight reference volume system will be set up inside the building. 
This system will be assembled of standard copper pipe sections connected to
gether by lengths of soft copper tubing. sections of the reference volume 
system will be placed on the operations level, the experimental level, and the 
equipment level, with the ratio of volumes the same as those in the building 
areas. The reference volume will be connected to a differential manometer. 
Other manometers will be used to measure the absolute system pressure and the 
environmental atmospheric pressure. 

It is expected that observations of the differential pressure and temper
ature between the reference volume and building, as well as observations of the 
building and outside atmospheric pressure~ humidity, and temperature will be 
made during the night hours from midnight to 8 a.m. 

Leakage rate measurements will be made with all the inner air lock doors 
closed, as a first step. Since there is no way to test individual air locks 
for tightness, the leakage rate measurements will have to be repeated with the 
inner doors open. 

A complete test report will be prepared as soon as the leakage rate tests 
are completed. The witnessing of final tests by AEC personnel is anticipated. 

3.6.4 RETESTING FOR LEAK TIGHTNESS. The building will be retested for 
leak tightness at intervals of 2 to 4 years. Provided the initial building 
test shows that it is a feasible operation, retesting will be done at a pres
sure below the nominal 2 psig design pressure for the shell. The reference 
volume method will be used for retesting. 
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~E~ 
ZONE A4 

OPERATIONS FLOOR (EL. 141'-6") 

ZONE Al - To support heavy concrete and lead blocks 
for thimble shielding, 

ZONE AZ - To support reactor shield heavy concrete 
covers in single layer; weight 4ZO' # /SF 
and lead pigs; weight 6 tons on 36" dia. 

ZONE A3 - To support forktruck and storage. 

ZONE A4 - For light storage. 

DESIGN LIVE LOADS ( # /SF) 

FLOOR COLUMNS FOUNDATION 

ZONE Al zooo 1600 soo 
ZONE AZ* soo zso 100 
ZONE A3* soo zso 100 
ZONE A4 zso zso 100 

*ZONES AZ AND A3 TO PROVIDE FOR 6 TON FORK 
LIFT TRUCK AS ALTERNATE LOAD FOR FLOOR AND 
COLUMN DESIGN. 

ROOF LIVE LOAD 
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ZONE BS - TRUCK LOCK AREA 

EXPERIMENTAL FLOOR (EL, 113'-6") 

ZONE Bl - Reactor core area 

ZONE BZ - To support heavy concrete blocks and lead blocks 
for shielding. 

ZONE B3 - To support piles of heavy concrete blocks stacked 
up to 8' high or piles of lead pigs stacked up to 
3' high - either spread over only l/Z this floor 
area. Individual piles limited to an area 16' x 16' 
with 10' aisles for fork truck activity. 

ZONE 3A ACCESSWAY 
ZONE B4 LABORATORY, STORAGE AND SHOP AREA 

DESIGN LIVE LOADS ( # /SF) 

FLOOR COLUMNS FOUNDATION 

ZONE Bl 4000 4000 4000 
ZONE BZ 4000 zooo 1000 
ZONE B3 3000 1000 zoo 
ZONE 3A 1000 soo zoo 
ZONE B4 zso zso 100 

FLOOR AND COLUMN LOADS INCLUDE IMPACT. 

SNOW Z 0 # /S. F, , Red. for shape 
WIND 40 # /S. F., " 

INTERNAL AIR PRESSURE Z P. S. I. G. 

BALCONY FLOOR iEL. lZB'- 6") - LIVE LOAD= 100 #/SF 

EQUIPMENT FLOOR (EL. 93'-0") - LIVE LOAD= SOO 

TRUCK LOCKS AND LOADING DOCK SOO 
STAIRWAYS 100 

ZONE BS ALTERNATE LOADING ZS TON AXLE LOAD 

ti 

#/SF 

#/SF 
#/SF 

Figure 3.7 Live loading permitted on various floors of 
the HFBR building. 
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Joists For Dome 

176'-8" Ins. Dia. 
Shell It. 

176°-2~8' Dia. e.c. 
1" Dia. Bolt 

DETAIL -
0A 

I 
3'-6" 

' 

Reinforcement 
• • Woll 

.. 

Figure 3.8 Section and details of the cylindrical base wall 
of the HFBR building-
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a 
TYPICAL CONSTRUCTION 
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Figure 3.13 Details of air seals at joints in the foundation 
structure of the HFBR building. 
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CONDUIT 

DETAIL A 
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Figure 3.14 Containment air seal details of electrical 
penetrations, details "A", "23", and "SB". 
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SECTION 4. REACTOR CORE 

4.1 SUMMARY DESCRIPTION 

The HFBR core is formed of 28 type KD fuel elements in a close-packed 
array, immersed in D20. The fuel material is fully-enriched uranium, alloyed 
in aluminum and clad with aluminum in curved plates. The active height of the 
core is 20.75 inches, and the equivalent cylinder diameter is 18.82 inches. 
Total core volume is 94.60 liters (3.34 ft3), including 6.3 liters of irradi
ation volume in the center of the core. The total U-235 loading is 7.67 kgm. 
The design power of the core is 40 MW. The direction of coolant flow is down
ward through the fuel elements. The average temperature and pressure of the 
bulk water in the core are 127°F and 185 psig, respectively. 

There are 16 control rod blades, separated into main and auxiliary groups. 
There are 8 main and 8 auxiliary rods. The rods operate in the side reflector, 
just outside the core. The blades are angle-shaped in cross-section, and are 
made of Eu2o3 and oy2o3 in stainless steel, all clad with stainless steel. 

The fuel elements are supported by a grid plate which is mounted on a 
support saddle on the bottom of the reactor vessel. The upper ends of the fuel 
elements are retained by a close-fitting horizontal member which is called the 
transition plate. The transition plate is attached to a cylindrical shroud 
which, in turn, is supported by a flange in the neck of the reactor vessel. 
Figures 4.1, 4.2, and 4.3 show the type KD fuel element, an elevation of the 
core structure, and a horizontal section of the core and control elements, 
respectively. Figure 4.14 shows the mounting of the internal structures in the 
reactor vessel. Figure 4.4 shows the positions of the control rod blades around 
the core at shutdowns and during operation. 

4.2 FUEL ELEMENTS 

4.2.l DIMENSIONS AND GEOMETRY. The type KD fuel element is shown in the 
general sketch, Figure 4.1 and in the drawings 4.5 and 4.6. The element has a 
total length of 57.25 inches. The fueled region of the element is 20.75 inches 
in length, starting at a point 18.625 in. from the lower end of the element 
and running to a point 17.875 in. from the upper end of the element. The fuel 
region is centered on the horizontal midplane of the spherical section of the 
reactor vessel. The fueled section consists of 17 standard fuel plates of 
.050 in. thickness, 2 outer fuel plates of .140 in. thickness, and 2 side 
plates of .187 in. thickness. The fuel alloy cores of the standard plates are 
.020 in. thick, leaving .015 in. of aluminum cladding material on either side 
of the fuel alloy. The fuel alloy in the outer plates is .010 inches thick, 
or may be of greater thickness in a lower uranium content alloy. This choice 
is left to the discretion of the fuel fabricator. The minimum cladding thick
ness for the outer plates is .050 inches. The standard fuel plates have a 
total length of 21.75 in., which is the sum of the fueled length of 20.75 in. 
and two .50 in. picture frames at the ends of the plate. The outer fuel plates 
are 23 inches in length, extending above the standard plates by 1.25 inches. 
The upward extensions of the outer plates, which contain no fuel alloy, are 
welded to a transition casting which connects the box section of the element 
in the fuel region to the oval inlet tube of the element. The tops of the side 
plates terminate at the same elevation as the tops of the outer fuel plates and 
are similarly welded into the transition casting. 

The inlet tube section of the element is 12.375 inches in length, ending 
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at the upper end in a rectangular box section of 1 inch length. The box 
sections of the elements in the core form a tight fitting array within the 
outline of the opening in the transition plate, and form a tube sheet which 
directs the coolant flow down through the inlet tubes of the elements and 
through the fueled regions. The triangular ears above the box section at the 
top of the element are the handles by means of which handling tools are attached 
to individual fuel elements. 

At the bottom of the element a rectangular section 3.5 inches in length 
is machined to fit within the cells in the grid plate. The side plates extend 
down from the fueled region to form 2 sides of this box section. The other 2 
sides are formed by the lower members of "Z-braces" which reinforce the side 
plates below the fueled region. 

The cross-section of the fuel element throughout its length lies within a 
rectangular unit cell of dimensions 3.220 inches by 2.880 inches. In the fuel 
region, the clearance of the side plates from the unit cell boundaries is 
.030 inches. Thus, in the assembled core there is a nominal clearance between 
side plates of .060 inches. The outer fuel plates also lie within the unit 
cell boundaries, by .015 inches for the convex plate (No. 1) and by .020 inches 
at closest approach for the concave plate (No. 19). Each of the fuel plates 
is bent to a radius of 6.000 inches on the concave side. 

The water channel thickness is .102 inches on centerline for the central 
channels of the element. The 3 water channels at each end of the element have 
progressively greater thicknesses, of .108 inches, .116 inches, and .129 inches 
for the outermost water channels. 

4.2.2 MATERIALS. The fuel alloy is a uranium-aluminum alloy containing 
30 wt % U, 3 wt% Si, and 67 wt % Al. The uranium is enriched to a minimum of 
95% U-235. The aluminum melting stock is alloy 1100 (ASTM Specification 
B-209-58T, alloy 990A). Maximum boron content in the melting stock is 10 ppm. 
The silicon addition promotes formation of the compound UA13 rather than the 
usual uranium-aluminum compound, UA14 . This change in the compound formation 
is desirable to leave as much aluminum as possible for the matrix which sur
rounds grains of UA1 3 in the fuel alloy, and to produce a more uniform alloy. 
The fuel alloy density is 3.566 gm/cm3. The U-235 content of the fuel element 
is 274: 4 gm. The U-235 content of the standard plates is 15.2: 0.3 gm and 
the U-235 content of the outer plates is 7.6 ± 0.2 gm. The total weight of 
the element is 12.5 lbs. 

The picture frame, the fuel plate cladding, and the side plates of the 
element are all of aluminum alloy 6061 (ASTM Specification B-209-58T, alloy GS 
llA), with a maximum boron content of 10 ppm. The spacing comb at the top of 
the fuel plates is also of this material. The pins which hold the comb and 
the Z-brace sections are alloy 6061 (ASTM Specification B-211-58T, alloy GS 
llA). The inlet tube section is alloy 6061 (ASTM Specification B-235-58T, 
alloy GS llA), with maximum boron content 10 ppm. The inlet box and transition 
castings are of alloy 356-T7 (ASTM Specification B-179-58, alloy GS 70A). 
Welding rod material is aluminum rod to ASTM Specification B-285-57T, AWS-ASTM 
Classification ER4043. 

4.2.3 FABRICATION METHODS. Fuel alloy billets are formed by melting the 
core materials, uranium, silicon, and aluminum together in a crucible. The 
alloy billets are rolled to a rectangular shape and individual cores for fuel 
plates are cut from the rolled billet. The cladding material is metallurgically 
bonded to the fuel alloy and picture frame by hot rolling in a series of passes 
to produce a plate of slightly thicker section than the finished product. After 



4 - 3 

the hot rolling each plate is heated to a minimum of 1000°F and held at that 
temperature for one hour to develop blisters in any unbonded areas. After the 
blister test, which also anneals the fuel plate, the final reduction to nominal 
plate thickness is accomplished by cold-rolling. The final reduction by cold
rolling is not less than 15% nor greater than 25% of the final thickness. The 
final cold-rolling insures a reasonable amount of work hardening in the plate 
material. curvature of the fuel plates is accomplished by pressing against a 
curved die. 

Grooves are milled into the side plates to take each of the fuel plates. 
Individual fuel plates are joined to the side plates to form a complete element 
by the roll-swaging process. Each fuel plate in turn is mechan-ically fastened 
to the side plate by deforming the edge of the groove into the surface of the 
fuel plate with a swaging wheel. The element specification requires that the 
swaging process develop a mechanical strength of 150 lbs per linear inch of 
swaging. 

The transition castings are joined to the upper end of the fuel box struc
ture by a series of 8 plug welds around the 4 sides of the box. The inlet 
tube section is welded to the transition casting and, at the upper end, to the 
inlet box casting. Welding is done with the inert gas, shielded arc process. 
The Z-braces are welded to the lower parts of the side plates to form the lower 
box. Final machining is done on the grid plate box end and on the inlet box 
end after assembly of the element and completion of welding. 

Segregation and variation of uranium in the alloy is monitored by radio
graphing the unclad fuel cores. Those which show any variation in uranium 
density detectable by eye on the radiographs are rejected. The U-235 content 
of each plate is determined by a counting technique in which a single channel 
gamma spectrometer scans the entire fuel core prior to bonding, responding to 
the natural radioactivity of the fuel alloy. Each fuel plate is identified 
with serial numbers which establish the alloy heat or melt from which it was 
made. Assembled elements are identified by numbers cut into the side plates. 
Each plate is fluoroscoped prior to final shearing to establish the outline of 
the core material. The allowable increase of thickness of the uranium-aluminum 
alloy core at the ends of the plate (dog-boning) is limited to .002 in. maximum 
in the standard P.lates and to .001 in. maximum in the thick outer plates. 

4.2.4 INSPECTION AND TESTING. The inspection of an element starts with 
an analysis of each batch of uranium metal resulting from the conversion of 
UF6 by a qualified independent laboratory to determine uranium isotopic content 
and chemical impurities. Each batch of uranium thus converted and analyzed 
must be approved prior to use of the material in the fabrication of HFBR fuel 
elements. 

At the fabricator's plant, samples are taken from the top and bottom of 
each fuel alloy melt, properly identified, and held for future analysis. Each 
individual fuel plate is identified as to the total quantity of U-235, the 
weight of the fuel alloy core which went into the plate, the serial number of 
the alloy melt from which the core was fabricated, and the U-235 enrichment 
fraction for the melt. For each element a tally is kept of the individual 
plates which go into it, and the total quantity of U-235 in the assembly. 

Each rolled fuel ingot is radiographed prior to shearing of the cores. 
Any visible sign of segregation or variation in uranium density" in the core 
radiograph is grounds for rejection of that core. After each fuel plate is 
roll-bonded by hot rolling, it is blister tested by being held at a minimum 
temperature of l000°F for a minimum period of one hour. The appearance of any 
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blisters or laminations after this heating are cause for rejection of the plate. 

Each plate is fluoroscoped to establish the outline of the fuel alloy 
material for final shearing. The sheared fuel plates are then radiographed, 
and the radiographs are inspected for segregation and for fuel core outline. 

All fuel plates which are to be assembled into finished elements are 
inspected for bonding by a recorded ultrasonic test. Unbonded areas of 1/16 
inch diameter or larger are cause for rejection of a plate. Each fuel plate is 
gamma-scanned to determine uranium distribution. Since the gamma scan is 
sensitive to variations in uranium content from one area of the plate to 
another, a further opportunity is provided by this test for the rejection of 
plates with excessive variation in uranium content along the plate length. 

The efficiency of the roll swaging assembly technique is tested by deter
mining the force which is necessary to fail test sections. Minimum joint 
strengths of 150 lbs per linear inch of roll swaged joint are required. The 
assembly of elements in the production run is done in the same manner and by 
the same operations used in the fabrication of satisfactory pull test specimens. 

After assembly of the element, the water channel spacing is measured along 
the element centerline in each water channel of each element. These measure
ments, together with the other dimensional measurements are submitted as part 
of the inspection data on each fuel element. Certified copies of all reports 
establishing and identifying all materials used in the fabrication of a fuel 
assembly are also required. 

After fuel elements are received at BNL, they are given a dimensional 
check and selected elements are hydraulically tested. The hydraulic test con
sists of placing the element in a test cell in a hydraulic loop and pumping 
water through it at a velocity of 49 ft/sec. This corresponds to 1.4 times 
the nominal water velocity in the reactor core, and results in a pressure drop 
across the element which is twice the normal drop. The hydraulic test estab
lishes the over-all strength of the element assembly to withstand reactor 
operating conditions. It is intended that the first fuel elements received 
will all be tested in the hydraulic loop at BNL. If it is found that all 
elements being tested are satisfactory, the complete testing will be discon
tinued and about 1 element in 5 will be tested. 

4.2.5 PAST EXPERIENCE WITH SIMILAR ELEMENTS. The enriched uranium fueled, 
plate-type element, with aluminum as a structural and cladding material has a 
long and trouble-free history in research and test reactor technology. All of 
the variations in the basic plate-type element derive from the MTR design and 
development work done about 1950. The MTR itself commenced operation in 1952. 
Since that time a variety of reactors using the same general type of element 
have been built and operated in this country and abroad. The basic plate-type 
fuel element, operating at coolant conditions and power densities not greatly 
different from those of the HFBR, has by this time many hundreds of megawatt 
years of successful operating experience behind it. 

The table below, 4.2-1, shows the similarity in essential characteristics 
of a group of high power density, water-cooled test and research reactors. 

4.2.6 RESEARCH AND DEVELOPMENT ON HFBR ELEMENT. The development effort 
on the HFBR fuel element has been directed to those areas in which there are 
differences between the standard plate-type element as used in MTR, ORR, ETR, 
etc., and the HFBR. These differences are in the fuel alloy, where the HFBR 
uranium content is somewhat higher than in other plate-type elements, in the 



Table 4.2-1 Fuel Element Operating Conditions in High Power Density Research and Test Reactors 

Reactor ORR GETR MTR ETR HFBR 

Core Inlet Water Temp., °F 120 120 115 120 120 

Water Velocity in Fuel 
Element Channels, ft/sec 30 22 33 35 35 

Core Pressure Drop, psi 25 25 40 45 nominal 31 
55 max. 

Nominal Water Channel .104 .110 .116 4 at .119 2 at .129 
Thickness, in. 2 at .115 2 at .116 

12 at .105 2 at .108 
12 at .102 

Fuel Plate Thickness, in. .050 inside • 050 .050 inside .050 .050 inside 
• 065 outside • 065 outside .140 outside 

,,,. 
Fuel Meat Thickness, in. • 020 .015 .020 .020 .020 inside 

.010 outside VI 

Weight % U in Fuel Alloy 18 28 18 22 30 

Width of Fuel Plates Between 2.512 2.625 2.622 2.624 2.446 
Side Plates, in. 

Curved or Straight Plates Curved Straight Curved Straight curved 

Radius of Curvature, in. 5 - - 5.5 - - 6 

Maximum Heat Flux, 
2 

7.5xl05 7xl05 9x105 l.35x106 l.60xl0~ first core Btu/hr-ft 
l.48xl0 equilibrium 

Hot Spot Surface Temperature, OF 240 320 312 400 359 first core 
344 equilibrium 

Average U-235 Burn-up, % 35-40 35 20-25 17 20.4 

Maximum U-235 Burn-up, % 70 55 - - - - 42.5 

Reference 4.1 4.2 4.3 4.3 
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use of thick outer fuel plates in the element assembly to resist core pressure 
drop forces, and in the top and bottom structures which support the element and 
guide the water flow into the cooling channels. 

The HFBR fuel element meat alloy contains 30 wt % uranium and the burn-up 
is 20.4% average and 42.5% peak. At the end of the element life, fission 
product concentrations in the meat alloy amount to 6.12 wt% average and 12.75 
wt % peak. Higher burn-up, if attainable, would reduce the operating cost of 
the reactor by increasing the element life. 

The existing data on uranium-aluminum fuel alloy burn-up are mainly in 
the 18-22 wt% uranium range. Normal ETR-MTR operating cycles give 20-30% 
burn-up of the 18-22 wt% alloy (4.3), corresponding to 4-5 wt% fission prod
ucts at the end of element life. Individual fuel elements of the MTR alloy 
(18 wt % uranium) have been irradiated to about 75% burn-up, corresponding to 
13.5 wt% fission products, without difficulty (4.4). The ORR fuel elements, 
again at 18 wt % uranium, are normally carried to 35-400~ average burn-up and 
700~ peak burn-up (4.1). The fission product concentrations corresponding to 
these burn-ups are 6.3-7.2 wt% average and 12.6 wt% peak. The existing data 
thus appear to cover the HFBR burn-up range. The 30 wt% uranium HFBR meat 
alloy, however, has less aluminum in the matrix surrounding the fuel grains 
than the 18 wt% alloy, and it was felt that some irradiation data at the higher 
uranium content were necessary to assure satisfactory element performance. The 
irradiation program which has been carried out has also included meat alloys 
of higher uranium content than 30 wt % to provide data for possible future 
increases in the HFBR uranium loading. 

A series of nine fuel element irradiations have been performed in the ETR 
and MTR. In all cases the experimental fuel elements were made identical to 
standard ETR and MTR fuel elements in external dimensions and in total uranium 
loading. These features permitted the experimental elements to be used as part 
of the normal element loadings in the ETR and MTR. The meat alloys, internal 
geometry, and burn-up of the experimental elements were in the range desired 
for the HFBR. Test element parameters are given in Table 4.2-2. The "peened 
lug" construction referred to in the table is done in the following manner. 
After each fuel plate is rolled, it is trimmed so that "ears" 1/2 in. wide and 
extending about .070 in. from the side of the plate are left along the plate 
sides. The fuel plate is assembled to the side plates of an element by passing 
the ears through slots in the side plate and hand peening the ears. All plates 
of all elements were blister-annealed and ultrasonically tested for voids and 
non-bonding prior to assembly of the elements. 

Results of the irradiation program are given in Table 4.2-3. Element #4 
was damaged in handling early in the irradiation sequence and discharged to 
the reprocessing plant. The elements #1 through #7 were irradiated in the ETR 
to burn-ups as high as 52.6% of the U-235. Elements #8 and 9 were irradiated 
in the MTR, where reactivity considerations prevented the irradiation from 
going beyond 27-28% burn-up of U-235. Eleme.nts #1, 2, 3, 5, 6, 8, and 9 were 
scheduled for hot cell examination. All of the elements except #5 have been 
thus examined and the general results given in Table 4.2-3. Element #5 is 
scheduled for hot cell examination late in 1964, and results are not available 
at this writing. However, element #5 was probed while in the ETR canal, to 
determine whether water channel distortion had occurred. As noted in the 
table, the channels probed showed only minor (-.010 in.) deviations from 
nominal. Element #7 was similarly probed in the canal at the ETR. 

It is apparent from Table 4.2-3 that the 6061-clad elements assembled by 
the roll swaging technique suffered much less distortion than the 8001-clad 



Table 4.2-2 Fuel Element Parameters, HFBR Test Program 

Element Type 

No. 

---- ----·-

1 ETR-J( 2 ) 

2 ETR-J 

3 ETR-J 

4 ETR-J 

5 ETR-J 

6 ETR-D (3 ) 

7 ETR-D 

8 MTR-K(4 ) 

9 MTR-K 

Notes: 

No. of Total U-235 U-235 per Meat Alloy Total Plate Meat 

Plates Loading Plate Thickness Thickness Alloy (l) 

(gm) (gm) (in.) (in.) (w% U) 

-------

19 400±4 21. 25 max. 0.016 0.050 30.07 

19 400±4 21. 25 max. 0.013 0.050 33.4 

19 400±4 21.25 max. O.Oll o. 050 37.3 

19 400±4 21. 25 max. o. 013 0.050 34.7-38.l 

19 400±4 21. 25 max. 0.013 0.050 34.7-38.1 

15 inside 400+4 25.25 max. 0.014 0.054 34.7-38.1 
2 outside 12.62 max. 0.007 0.175 

15 inside 400±4 25.25 max. 0.014 0.054 34.7-38.l 
2 outside 12.62 max. 0.007 0.175 

15 inside 200±4 12.5±.25 0.012 0.056 35.9-36.4 
2 outside 6.25±.20 0.006 0.186 

15 inside 200±4 12.5±.25 0.012 0.056 35.9-36.4 
2 outside 6.25±.20 0.006 0.186 

(1) All meat alloys contained 3 W"/o silicon. Uranium was fully enriched_. 

(2) The reactor (ETR or MTR) in which the irradiation took place is indicated 
by the "type" designation. The type· J element has all fuel plates of 
the same thickness and loading and the fuel plates are straight. 

(3) Type D fuel elements have thick outside fuel plates with half the loading 
of the inside plates. All plates are straight. 

(4) Type K fuel elements have thick outside fuel plates with half the loading 
of the inside plates. The plates are curved to an inside radius of 5.5 in. 

Cladding Assembly 

Alloy Method 

8001 Al peened lug 

8001 Al peened lug 

8001 Al peened lug 

6061 Al roll swage 

6061 Al roll swage 

6061 Al roll swage 
.!'> 

I 

6061 Al roll swage -.J 

6061 Al roll swage 

6061 Al roll swage 



Element 
No. (1) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Meat 
Alloy 

(w",f, Ul._ 

30.07 

33.4 

37.3 

34.7-38.l 

34.7-38.l 

34.7-38.l 

34.7-38.l 

35.9-36.4 

35.9-36.4 

Nominal 
Burn-up( 2 ) 

(% of U-235) 

45 

39.2 

15.8 

<5 

35.6 

29-36 

19-23 

21-27 

21-27 

Measured 
Burn-up( 3 ) 

___.1% of U-235) 

33.9-52.6 

not measured 

not measured 

not measured 

not yet available 

27.1-39.4 

not measured 

14.1-26.7 

18.8-28.1 

Results of Examination 

Severe distortion and buckling of plates. Max. local plate thick
ness 0.064 in. Plates brittle, with some cladding cracks. Water 
channels closed down over local areas to less than 0.030 in. 
However, element did not fail in reactor and distortion.was 
discovered only after removal for examination. 

Some distortion and buckling of plates. Typical water channel 
thickness change 0.015 to 0.030 in. 

Distortion of plates less than for element f2. Water channel 
thickness changes of 0.010 to 0.025 in. 

Handling bar broken in changing lattice position. Discharged 
without further irradiation. 

Water channels probed with element in ETR canal. Minor local 
distortions of 0.010 in. 

No measurable water channel distortion. Maximum local plate 
thickness 0.060 in. 

No measurable water channel distortion. Element probed while 
in ETR canal. 

{

No measurable water channel distortion in either element. 
Maximum local plate thicknesses 0.061 in. in f8, 0.058 in. in f9. 
Elements in good condition and irradiation terminated only due 
to reactivity loss in MTR core loading. 

Notes: (1) See Table 4.2-2 for test element type, plate thicknesses, U-235 loading, cladding 
alloy, and assembly method. 

(2) Nominal burn-up determined from flux at irradiation position in reactor core 
and irradiation time. 

(3) Measured burn-up determined by chemical analysis of irradiated meat alloy. 
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"peened lug" elements. Also, the elements of type "D" and "K", with thick outer 
fuel plates are stronger and have less distortion than the elements composed 
entirely of standard thin plates. It is interesting to note that the MTR hot 
cell operator who examined elements #6, 8, and 9 thought them the least
distorted irradiated fuel elements he had examined. 

The fission product concentration in the more highly burned test elements 
#5 and 6 is approximately 13.5 wt%, somewhat above the expected peak HFBR 
concentration. Further, the 35 wt % meat alloy of these test elements is a 
less favorable material for high burn-up than the 30 wt % HFBR meat alloy. All 
three types of test element, "J", "D", and "K" {see Table 4.2-2) appear to be 
entirely satisfactory for HFBR use. The type "K" elements in MTR could not be 
carried to the peak HFBR burn-up, but the excellent condition of these elements 
(#8 and 9) at 27-28"/o burn-up, coupled with the good experience with the #5 and 
#6 test elements, indicates that no difficulty should be encountered with burn
up to at least 40%. 

Metallographic examination of meat alloy samples from the test elements has 
been completed only for element #1. Even at the very high burn-up of this 
element, 52.6%, corresponding to 15.8 wt% fission products, no gas pockets were 
observed. A full report of the hot cell and metallographic examinations on all 
test elements will be given in a BNL report after the hot cell work on element 
#5 has been completed. 

4.2.7 OPERATING CONDITIONS, LIFETIME, AND CORROSION. The normal operating 
cycle of the HFBR is 19 days at full power followed by 2 days in shutdown con
dition for refueling and fuel shuffling. At each shutdown, 14 elements in the 
perimeter positions of the core lattice {see Figure 4.3) are removed to the 
storage canal. The remaining 14 elements in the interior positions of the core 
are then moved to the perimeter positions. Fourteen fresh elements are then 
placed in the interior positions of the lattice. Thus, each element is run for 
19 days in an interior lattice position and for 19 days in an exterior or 
perimeter lattice position. 

The average burn-up in an element in one 19 day operating period in an 
interior lattice position is about gofo of the fissionable material. After the 
second 19 day operating period, this time in an exterior lattice position, the 
average burn-up is 20.4% of the fissionable atoms. The peaking of the power 
distribution at the edge of the core leads to a non-uniform burn-up across the 
element. The outer fuel plate, in an element which has an average of 20.4% 
burn-up, will have local burn-ups at the high power density spots of 42 .5%'. 
Similarly, fuel plates on the interior side of the element will have burn-ups 
which are less than the average of 20.4% {see Section 4.6.4). 

Temperature, pressure, and water flow conditions in the operating fuel 
elements are summarized in the table in Section 4.7.1 and are discussed in 
detail in the thermal and hydraulic design section {Section 4.7). The primary 
coolant is D2o, acidified to pD 5 by nitric acid. 

The corrosion of aluminum alloys 1100, 8001 and 6061 in high velocity 
pH 5 water, with heat fluxes in the range l-2xl06 Btu/hr-ft2 , has been studied 
by Griess, et al (4.5) at ORNL. A comparison of the high heat flux corrosion 
rate data with that given in Table 5.5-6 {Section 5.5.6) for the reactor vessel 
shows that the corrosion rate is several hundred times greater for the high 
heat flux case. The high heat flux corrosion data of reference 4.5 were taken 
at water velocities from 30 to 50 ft/sec. The corrosion rate depended only on 
the oxide-water interface temperature in the velocity and heat flux ranges 
examined, and the depth of metal corrosion was found to be approximately equal 
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to the oxide film thickness. 

The maximum fuel plate surface temperature in the operation of the HFBR 
is found at the end of an outside fuel plate which has excessive "dog-boning" 
(a local increase in meat alloy thickness at the end of the plate). The temper
ature at this point may be as high as 359°F at the beginning of an operating 
cycle with all fresh fuel, and with all possible variations in the thermal and 
hydraulic parameters at "worst" values. The temperature decreases to 325°F 
at the end of 19 days of operation. Using an effective interface temperature 
of 350°F for the cycle for this maximum corrosion case, and the data in 
reference 4.5 (Part IV), the total corrosion is .C019 in. The average corrosion 
rate in the core is much lower than that for the hot spot since the plate sur-
f ace temperatures are much lower. The nominal "average" plate surface tempera
ture is about 185°F, and the corresponding corrosion depth is about 0.00013 in. 
for 19 days. 

Even at the hot spot for a fresh fuel loading the corrosion of the fuel 
plate cladding is not great enough to cause concern about the integrity of the 
cladding. A more serious effect of the corrosion is the formation of the oxide 
layer at the plate surface, since the conductivity of the oxide is small and 
the presence of the layer raises the fuel plate metal temperature. This effect 
is discussed in Section 4.7.6. 

4.3 CONTROL ROD BLADES 

4.3.1 DIMENSIONS AND GEOMETRY. There are two types of control rod blades 
in the HFBR, main blades and auxiliary blades. Both blades are shown in 
Figure 4.7. The two types of blades are identical in cross-section, both being 
hollow right-angle shapes. The basic outside dimensions of the angle are 
3.043 in. x 3.043 in. x .710 in. The blades are formed of composite section 
rolled plates .130 in. thick. Each plate contains a poison material core 
.080 in. thick fabricated of Eu2o3 or ny2o3 in "elemental" type 304 stainless 
steel. The poison material matrix is clad and "picture-framed" with type 304 
stainless steel. The angle shape for the control rod blades was chosen because 
it gives good rigidity and because it is a good fit to the outside of the core. 

The main blade has a length of 40.25 in. The poison material starts 
.25 in. from the lower end of the blade, and is Eu 2o3 in stainless steel for a 
distance of 12 in. Thereafter the poison material is 0y2o3 in stainless steel 
for a distance of 25.5 in. The remaining blade material is type 304 stainless 
steel. A coupling block is welded to the upper end of the main blade, as shown 
in Figure 4.8. 

The auxiliary blade has a length of 12.5 in. The poison material starts 
.25 in. from the upper end of the blade, extends downward 12 in., and is the 
Eu2o3-stainless steel mixture. At the upper end of the auxiliary blade a 
hinged coupling block connects the blade to an aluminum follower shaft which 
terminates in the same type of coupling as the main blade (see Figure 4.8). 

4.3.2 MATERIALS. The principal neutron absorbing elements in the control 
rod blades are Eu and Dy. The europium is used for the entire auxiliary rod 
blade, and for the lower 12 inches of the main control rod blade. The dyspro
sium is used in the upper section of the main control rod blade. Both the 
europium and dysprosium are in the oxide forms, Eu2o3 and Dy2o3 . The oxide 
powders used in forming the poison material are a minimum of 99% pure, with a 
spectrographic analysis made on each powder lot. The oxide particle size is 
-325 mesh (US Standard Sieve), and water of hydration is held to as low a level 
as practicable in the manufacturing process. 
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The stainless steel matrix of the dispersion consists of 71 wt % electro
lytic iron powder, 18 wt % chromium, and 11 wt% nickel powders. Maximum 
silicon content is limited to .03 wt %. The rare earth oxide and elemental 
stainless steel powders are combined into a dispersion which contains 30 vol 
% of either Eu2o3 or 0y2o3 • The density of the dispersion is required to be 
at least 97% of ~heoretical density. 

The rare earth oxide-stainless steel dispersion is a high strength 
material. At 30 vol% oxide, the dispersion has a yield strength of 30,000 psi 
and a tensile strength of 37,500 psi at 500°F. At 1000°F, the strengths are 
29,000 psi yield and 35,000 psi tensile (4.6). The dispersion is less ductile 
than the base type 304 stainless steel, but both the strength and ductility of 
the clad dispersion are very good. The elongation goes from 0.9 % per inch 
for unclad dispersion material to 10 % per inch for the clad dispersion (4.7). 
The stainless steel-clad dispersion plates of which the control rod blades are 
assembled have very nearly the same mechanical properties as equivalent thick
ness sections of solid type 304 stainless steel. 

!he densities of the base materials in the poison dispersion are 7.91 
gm/cm3 for the stainless steel, 7.34 gm/cm3 for the europium oxide and 7.90 
gm/cm for the dysprosium oxide. The dysprosium oxide and stainless steel 
densities are so nearly alike that the 30 vol % dispersion is also a 30 wt % 
dispersion, and its theoretical density is 7.91 gm/cm3 • For the 30 vol% 
europium oxide dispersion, the theoretical density is 7.74 gm/cm3 , and the 
material is 28.45 wt% Eu2o3 • 

In both the dysprosium and europium dispersions, neutron capture results 
in the formation of higher mass isotopes of the same element or of neighboring 
rare earths. In the europium dispersion rod sections which sustain the highest 
burn-up, about 8 % of the initial Eu atoms are converted to gadolinium. In the 
dysprosium dispersion (main rods only) the highest burn-up sections have about 
1 % of the initial dysprosium atoms converted to holmium. Figure 4.9 shows 
the change in the fractional isotope concentrations of europium with thermal 
flux exposure. The maximum flux exposures are in the range 2-4xlo21 nvt for 
europium and l-2xlo19 nvt for dysprosium in the HFBR rods (see Section 4.3.8). 

The fact that higher isotopes of the same rare earth element are the 
principal products of neutron capture, and that the small quantity of foreign 
elements introduced are also rare earth metals, means the dispersion is 
relatively insensitive to the integrated neutron exposure, as far as structural 
damage to the material is concerned. There is, of course, a substantial 
effect on the total absorption cross-section of the poison dispersion (see 
Section 4.3.8). 

The structural materials of the blades; the cladding, picture frames, end 
pieces, and coupling blocks are all type 304 stainless steel. The aluminum 
follower pipe for the auxiliary control rod blade is aluminum alloy 6061-T6 
ASTM Specification B-241-61. 

4.3.3 FABRICATION METHODS. The rare earth oxide-stainless steel disper
sion is prepared by standard powder metallurgical methods, as outlined in 
ORNL-2733 (4.8). A homogeneous material is obtained by mixing the dry powders 
for several hours in a blender. The powder is initially cold compacted at 
moderate pressure and the green compact is sintered at about 1200°c for several 
hours. The compact is then repressed at a higher pressure, yielding compacts 
of density very close to theoretical. 

The dispersion compacts thus formed are framed and clad with type 304 
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stainless steel by standard hot roll bonding methods, with the addition of 
thin iron foils between the compacts and the frames and cladding (4.8). After 
roll bonding the plates are machined to shape as necessary. Four plates are 
assembled to form a single control rod blade. The assembly method involves 
electron beam welding of the plates to end pieces of type 304 stainless steel. 
A joint strength of 2500 lb/in., based on 1/8 inch penetration, is required 
in the assembly. The coupling blocks are attached by welding. The minimum 
allowable coupling weld joint strength is 1700 lb/in. 

The first set of control rod blades were manufactured by the United 
Nuclear Corp. of New Haven, Conn. 

4.3.4 INSPECTION AND TESTING. The control rod plates are checked by 
several nondestructive tests before they are assembled into the control rod 
blade. A test of the bond of the cladding to the dispersion is made by ultra
sonic techniques. A full inspection of all clad surfaces is made, with unbonded 
areas of 1/8 ino diameter or greater being cause for rejection. Radiographs 
of the absorber plates are taken to determine the core outline and to reveal 
any voids or inclusions. The latter items are cause for rejection. The clad
ding thickness is measured by an eddy current technique, with .020 in. being 
the minimum acceptable cladding thickness. The plates are given a bright 
anneal for 1.5 hours in dry hydrogen at 1B00°F. The dimensions of each plate 
are carefully measured before and after the anneal and a dimensional change 
exceeding 2% in any direction is cause for rejection of the plate. The 
appearance of any blisters on a plate after the hydrogen anneal makes the plate 
unacceptable. The final test on the plates is a cladding integrity and cor
rosion test which is done in an autoclave in deionized water at 650°F and 
2200 psia for 72 hours. Any weak spots or pin holes in the cladding which have 
escaped detection by the other tests should be apparent after the autoclave run. 

As a part of the control rod blade procurement effort, a qualification 
period is required of the vendor in which a series of plates and blades are 
fabricated, tested by the nondestructive techniques listed above, and are then 
sectioned and examined in detail to determine the effectiveness of the non
destructive testing. Further, plate joint strengths and ~oupling attachment 
weld strengths are determined by destructive testing of qualification samples. 

After the plates are assembled into a complete blade a full dimensional 
check is made. Blade over-all dimensions, water channel dimensions, blade 
straightness, and coupling block alignment are verified. The assembly welds 
are visually inspected on the water channel side to check for full penetration 
of the welds. The internal quality of the welds is inspected by radiography. 
The coupling block attachment welds are inspected visually and by dye pene
trant tests. 

4.3.5 PAST EXPERIENCE WITH SIMILAR CONTROL MATERIALS. The major previous 
use of Eu20 3-stainless steel rods has been in the SM-1 reactor (previously 
APPR). Irradiations of samples in ETR to exposures as high as 2.87xlo21 nvt 
(4.9) and 4.5xlo21 nvt (4.10) in support of this project have shown no evidence 
of swelling or change in microstructure of the dispersion. The structures of 
the ORNL compacts before and after irradiation are shown in Figures 4.lOa and b. 
The swelling shown in earlier work at KAPL (4.11) after 2-5 MTR cycles is at
tributable to the presence of Si in the stainless steel dispersion. Elimination 
of Si eliminates the swelling, as shown by ORNL data (4.12). 

The ORNL group have recently examined a complete SM-1 control rod assembly 
which received a total of about 4 megawatt-years exposure (- 25% full core 
design life). This element showed no sign of swelling or change in assembly 
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dimensions outside of fabrication tolerance. There was no change in the 
thickness of the individual plates, nor was there any evidence of serious 
corrosion. Although the assembly saw a wide range of flux from bottom to top, 
there was no corresponding dimensional profile, indicating that radiation had 
no detrimental effect on the properties of the dispersion (4.13). 

The ORNL workers have also demonstrated that when intentional cladding 
failures are contacted with water at 570°F and 1200 psi pressure, no Eu enters 
the water system (4.14). The maximum swelling in the 30 wt% Eu2o3 defective 
specimens was -15%. Any blades which pass the 650°F water autoclave test 
should be safe from this swelling, since in-reactor corrosion of stainless 
steel in high-purity D2o is expected to be negligible at HFBR temperatures. 

There are no data available from other reactor programs on the behavior 
of ny2o3-stainless steel compacts under irradiation comparable to that for 
Eu 2o3-stainless steel. The next section covers the irradiation testing of 
ny2o3-stainless steel samples for the HFBR rods. 

4.3.6 RESEARCH AND DEVELOPMENT ON HFBR RODS. The general development of 
the rare earth-stainless steel control rods is summarized in reference 4.6, 
Chapters 6 and 7, and a full set of references are given there to the original 
literature. As noted in the previous section, irradiation testing of Eu2o3-
stainless steel compacts in the ETR, and actual control rod experience in the 
SM-1 reactor give ample confidence in the Eu2o3 -stainless steel material. 
The material in the upper portion of the HFBR olades, Dy203-stainless steel, 
however, had had no similar irradiation testing when it was selected for HFBR 
use. A testing program was, therefore, carried out for the dysprosium 
dispersion. 

A number of ny2o3-stainless steel compacts, clad with stainless steel, 
were fabricated by Dresser Products, Inc., of Great Barrington, Mass. The test 
plates were 2-7/8 in. long, 2-5/16 in. wide, and 0.250 in. thick. The ny203-
stainless steel dispersion core was 0.180 in. thick, with 0.035 in. stainless 
steel cladding. Dispersions were fabricated at both 20 and 30 vol % Dy2o3 • 
Since dyspro.sium does not form a monoxide •. as does europium, the silicon-free 
stainless steel powder and isolating iron foils are not required in fabricating 
the ny2o3-stainless steel compacts. The irradiation behavior of the dysprosium 
dispersion is expected to be similar to that of the europium dispersion since 
the daughter products of both are trivalent rare earth metals. 

One of the 30 vol % ny2o3-stainless steel test plates was placed in the 
MTR (4.15) in February, 1962. The irradiation was limited to a single plate 
to avoid excessive flux perturbations. The test plate was examined after one 
year in-pile, corresponding to about l.4xlo21 nvt. The examination, carried 
out in the MTR hot cell, showed the plate to be intact. The maximum thickness 
increase was 0.008 in., with a major portion of this presumably due to a 
visible surface oxide layer. The test plate was put back in the MTR for 
further irradiation, to an exposure of about 2xlo21 nvt. Examination after the 
final exposure showed the plate to be in good condition. Detailed measurements 
of thickness, density, and bend strength, as well as metallographic examinations 
were unfortunately lost through a misunderstanding about hot cell procedures. 
The plate was cut in half and immersed in water for about 4 hours to make a 
density measurement. The reaction of ny2o3 with the water caused a swelling of 
the dispersion and generally made any subsequent measurements of properties of 
the plate meaningless. 

The positive evidence which is available from the irradiation is that the 
30 vol % ny2o3-stainless steel dispersion endured an unperturbed thermal neutron 
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exposure of about 2xlo21 nvt with no signs of serious swelling or blistering. 
Since the plate was removed from the reactor at each shutdown for thickness 
measurements, these data were obtained to the full exposure in spite of the 
hot cell error. 

4.3.7 CONTROL ROD GUIDES AND COUPLINGS. The main control rod blades and 
the aluminum follower pipes for the auxiliary rods pass through the transition 
plate above the core (see Figures 9.22, 9.25, and 4.2). Since the core pres
sure drop from the coolant flow appears as a differential pressure across the 
transition plate (with the higher pressure area above the plate) the glands 
through which the main blades and auxiliary followers pass must be relatively 
tight-fitting to reduce coo"iant leakage. The pressure differential across the 
transition plate is about 31 psi. 

The main blade gland, called the "penetration insert" is a type 304 stain
less steel piece which fits snugly into a "Y"-shaped opening in the transition 
plate and is bolted to it. The main blade passes through an appropriate hole 
in the insert, with a nominal clearance of .040 in. on all sides. This clear
ance is enough to insure that the main blade will not bind as it passes through 
the insert. The coolant leakage through the clearance annulus is about 120 gpm 
for each gland or 960 gpm total for the 8 main blades and inserts. Although 
the main control rod mechanism is sufficiently rigid so that the main blade 
normally travels up and down without touching the insert, the insert will act 
as a guide for the main blade should some misalignment occur in the drive 
column above. The insert piece can be unbolted and removed after the main rod 
blade has been removed. These pieces will be inspected each time that the 
control rod blades are replaced. Figure 4.11 shows the penetration insert. 

The auxiliary rod follower gland is a Graphitar 14 sleeve bearing in a 
type 304 stainless steel shell. The bearing and shell assembly, called the 
"auxiliary bushing" (Figure 4.11), is held captive between the transition plate 
and the penetration insert piece. The auxiliary bushing is a snug fit on the 
follower pipe, and the coolant leakage through the bushing is only a few gpm. 
A tight-fitting bearing can be used for the auxiliary rod follower because of 
its simple cylindrical shape and because there is no fast motion associated 
with the auxiliary blade. 

The main control rod blades are not guided or shrouded below the penetra
tion insert in the transition plate. The auxiliary control rod blades, however, 
move within aluminum guides which are fastened to the lattice plate below the 
core. The outline of the guide structure may be seen in Figure 4.15 and in the 
isometric drawing, Figure 4.17. The guide structure is a part of the lattice 
plate assembly and is welded to it. 

Both the main and auxiliary control rod blades are attached to the stain
less steel follower shafts of the control rod mechanisms by the same type of 
taper joint and threaded nut coupling. This coupling is shown in Figure 4.8. 
The lower end of the follower shaft is recessed with a tapered hole and slot. 
The upper end of the coupling piece on the blade has a corresponding tapered 
shaft extension, and orientation pin. The tapered sections engage, with the 
pin sliding in the slot in the follower to insure a precise angular orientation 
of the two pieces. The connection is locked together and heavily reinforced 
mechanically by a stainless steel lock nut which engages the threaded portion 
of the coupling block on the blade. The locking nut is rotated by a gear tool 
which engages gear teeth cut on the upper end of the nut. Once threaded onto 
the blade coupling end and screwed down tight, the lock nut is prevented from 
accidentally backing off by a series of ball plunger locks engaging grooves 
in the nut. 

f 
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4.3.8 OPERATING CONDITIONS, BLADE BLACKNESS, AND LIFETIME. The control 
rod operating configuration is shown in Figure 4.4. There are a total of 16 
rods, divided into 8 main rods operating above the core and 8 auxiliary rods 
operating below the core. The safety requirements are adequately met by action 
of the main rods alone, so that only the main rods are dropped on a scram 
signal. In the fully inserted position the main rods extend along the sides 
of the core to a point 3-5/8 in. above the bottom of the fuel. The auxiliary 
rod blades in the fully inserted position extend 2-1/8 in. above the bottom of 
the fuel. To avoid the difficulties inherent in bottom penetrations of the 
reactor vessel for control rod drives, both the main and auxiliary rods are 
actuated by drive mechanisms high on the vessel. Both the main rod blades and 
the followers which connect the auxiliary blades to their drive mechanisms pass 
through the transition plate above the core. This geometry has been discussed 
in the previous section. 

The reactor is operated with the two sets of rods in symmetrical positions 
above and below the core centerline. The symmetrical rod pattern insures a 
minimum flux perturbation in the horizontal midplane of the reactor, and hence 
a relatively constant source flux for the beam tubes. The main and auxiliary 
rod blades have identical reactivity characteristics over the pertinent control 
range. The rod calibration curve is given in Figure 4.25, and the shutdown 
margin provided by the rods is discussed in Section 4.6.6. The auxiliary rods 
are driven to the full-in position at normal speed on a scram signal. They 
are not needed for safety reasons, but the automatic insertion insures identical 
rod positions for all start-ups. The drive mechanisms are discussed in 
Section 9.7, and the normal drive motion and the scram motion are described 
there. 

Most of the heat generated in the control rod blades during reactor oper
ation is removed by heavy water flowing through the internal water channels in 
the blades. The balance of the heat is transferred to the reflector water at 
the outer surfaces of the blades. For the main blades, which extend through 
the transition plate, the cooling water enters the internal channels through 
orifice plates at the top of blades. The pressure difference across the 
transition plate drives the coolant through the channels. The cooling water 
flows out of the open bottoms of the blades into the reflector region. 

For the auxiliary blades, it is necessary to supply the internal cooling 
water through the aluminum follower pipes. These pipes pass through the 
transition plate and have appropriate openings for cooling water entry in the 
high pressure region just above the transition plate. The cooling water flows 
down the aluminum pipes, through the elbow couplings at the tops of the aux
iliary blades and into the internal cooling channels. The water flows into 
the reflector region from both ends of the internal channel of an auxiliary 
blade. Details of the flow conditions, heating rates, temperatures, and 
thermal stresses in the blades are given in Section 4.7.14. 

The initial thermal neutron blackness of the europium dispersion sections 
of the blades is 0.992, where "blackness" has the usual definition of neutrons 
absorbed per neutron incident on the blade. The dysprosium dispersion sections 
have an initial blackness of 0.945 (4.16). 

The changes in the europium isotope concentrations with thermal neutron 
flux exposure (nvt) are shown in Figure 4.9. The effect of the changing 
isotope concentrations, hence of the average absorption cross-section and of 
the blackness must be taken into account along the length of the blade. The 
relative neutron absorption in the blade as a function of distance from the 
end of the blade is shown in Figure 4.12. This curve is the result of critical 
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experiment measurements and represents the best available estimate of the· cycle
average neutron absorption along the blade at times early in the life of the 
blade. As the exposure continues the absorption curve must tend to flatten, 
with the rod end absorption, in particular, being decreased relative to the 
rest of the blade. For purposes of determining minimum blackness and maximum 
irradiation effects, we assume that the absorption curve (Figure 4.12) does not 
change with time, and that the high absorption rate at the rod tip continues 
throughout rod life. 

The sharp increase in neutron absorption at the tip of the blade results 
in an accelerated decrease in blackness in a limited region near the tip. 
Figure 4 .13 shows this effe"ct; the tip blackness decreases to O. 78 after three 
years of reactor operation. The region of substantial blackness change is 
only 1/4 in. long, however, and the reactivity characteristic of the blade is 
not greatly changed. The only observable effect in the operation of the rods 
would be a slow drift inward of the critical positions, by about 1/4 in. over 
three years of reactor operation. 

The neutron absorption rate is low enough in the dysprosium sections of 
the blades so that no noticeable change in blackness occurs over at least 
three years of reactor operation. The initial blackness of the dysprosium 
blade sections is lower than that of the europium sections because the average 
absorption cross-section is smaller (950 vs. 4300 barns) and the scattering 
cross-section is higher (11 vs. 8 barns). In the fabrication of the main 
blades the europium and dysprosium dispersions are rolled together and merge 
into each other in the boundary zone. This transition is indicated on 
Figure 4.13 by a change in blackness in the region 12 to 12-1/2 in. from the 
end of the blade. The auxiliary blades contain only the 12-inch length of 
europium, so that only the 0-12 in. portion of the Figure 4.13 graph applies. 

The useful life of the rare earth dispersion control rod blades is at 
least three years of 40 MW reactor operation from the standpoint of thermal 
neutron blackness. There is, however, another limitation on blade life which 
suggests a shorter term for the first set of blades. This limitation is the 
extent of our present knowledge of the effects of fast and thermal neutron 
irradiation of the blade materials. 

The best existing irradiation data on the europium dispersion is that 
reported in Section 4.3.5 from Oak Ridge. The "unperturbed" thermal flux 
exposure of the sample shown in Figures 4.lOa and b was 4.5xlo21 nvt. The 
corresponding flux exposure in the sample material is less by a factor of 2 to 
4. The table below, 4.3-1, gives the thermal flux exposure in the HFBR blades 
as a function of position along the blade and operating time. 

It will be noted in Table 4.3-1 that the flux exposure is not necessarily 
proportional to operating time. The difference is particularly noticeable at 
the end of the rod. The flux exposure (nvt) given in the table is the product 
of average flux in the poison dispersion and time, and is related to 
"unperturbed" flux exposure (hence to operating time) through the cross section
dependent flux depression factor. The rod-end flux exposures given in Table 
4.3-1 are calculated on the basis of the absorption curve of Figure 4.12, and 
are, therefore, somewhat higher than would actually be the case. 

Comparing the flux exposure numbers in Table 4.3-1 with the exposures on 
the ORNL europium dispersion samples, one sees that the HFBR rod tips have 
reached the limit of existing irradiation data at the end of two years. At the 
end of three years the rod tips have received 2-4 times the thermal neutron 
irradiation of the extant samples. The excellent condition of the ORNL samples 
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(compare Figures 4.lOa and b) shows that the HFBR rods will have a life of 
at least two years, and quite likely three or more years, from the standpoint 
of thermal neutron irradiation. 

Table 4.3-1 Thermal Neutron Flux Exposure in HFBR Control 
Rod Blades (40 MW Reactor Power) 

Distance from Flux Exposure After Operating Times of: 
End of Blade 1 Year 2 Years 3 Years 

0 in. o.51x1021 nvt l.83xlo21 nvt 4.07xlo21 

0.25 .27 .97 1.81 

0.50 .19 .62 1.30 

1.00 .13 .37 .80 

2.00 .091 .21 .43 

3.00 .068 .15 .27 

4.00 .052 .11 .18 

6.00 .029 .062 .095 

9.00 .013 .026 .039 

12.00 .005 .011 .016 

nvt 

The fast neutron (>l Mev) flux exposure rate at the tip of a rod (the 
maximum exposure point) amounts to about lxlo21 nvt/year. The fast flux does 
not suffer a variable flux depression in the blade material, and the total fast 
exposure is proportional to operating time. The fast flux decreases much more 
rapidly with distance from the core (a factor of 10 in 8 cm) than does the 
thermal flux, and the exposure to fast flux along the blade is more sharply 
peaked at the end than the thermal exposure shown in Figure 4.12. This means 
that although the blade tip may suffer a very high fast exposure, portions of 
the blade a few inches away will have one tenth or less of the tip exposure. 
The europium dispersion sample shown in Figures 4.lOa and b was exposed in 
an ETR core position in which the ratio of thermal to fast (>l Mev) flux was 
about two: the sample was thus exposed to about 2.2xlo2 1 nvt (fast), with no 
sign of deterioration. 

A tentative blade lifetime of two years is set in view of the neutron 
irradiation data. After two years of full power reactor operation, when the 
blades are changed, some of the first set of blades should be left in place. 
These blades can later be removed and examined after total exposures corre
sponding to three years (or more) operating time. If the blade material is 
in good condition, the n01ninal blade life may be extended. 

4.4 CORE SUPPORT STRUCTURE 

4.4.l GENERAL DESCRIPTION. The structures which support the core in the 
reactor vessel are shown in the vessel elevation, Figure 4.14. There are two 
sets of structures in the core support arrangement. The lattice plate assembly, 
located below the core, supports the fuel elements and provides guides for the 
auxiliary control rods. The flow shroud assembly, located above the core, 
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holds the upper ends of the fuel elements, directs the coolant through the 
core, and provides guides and supports for the control rod mechanisms. 

The lattice plate assembly consists of the lattice plate (or grid plate), 
the support saddle, the anti-critical grid, and the saddle mounting blocks. 
The mounting blocks are welded to the reactor vessel and the saddle is bolted 
to the blocks, as shown in the vessel drawings, Figures 5.11, 5.13, 5.14, and 
5.21, and in Figure 4.2. The anti-critical grid is bolted to the saddle, as 
is the lattice plate. Detailed descriptions of these components, and of the 
flow shroud assembly, are given in the sub-sections which follow. 

The flow shroud assembly consists of the transition plate and the flow 
shroud. The shroud is bolted to an internal flange in the reactor vessel 
between the inlet and outlet nozzles. The transition plate is pinned to the 
lower end of the shroud. 

The fuel element lower end boxes fit within individual cells in the 
lattice plate with a nominal clearance of 0.015 in. on all sides. The element
lattice plate fit is kept as loose as possible, but is still snug enough to 
keep the elements in a vertical position with no other support. When the full 
core of elements is assembled, the element top boxes fit tightly together within 
the outline of the transition plate. The nominal clearance between element 
top boxes in the assembled core is 0.002 in. Manufacturing tolerances for the 
elements will increase the actual clearance to about 0.005 in. between top 
boxes. The tight fit at the transition plate level is desirable to reduce the 
free lateral space for element motion to a minimum, and to limit the leakage 
flow between elements. 

Both the lower end box and the top box are symmetrical about the vertical 
centerline of an element. Thus, elements may be rotated 180° about the vertical 
in the core. The rectangular shape of the end boxes prevents 90° rotation. 
Adjacent "reversed" elements do not interfere in the mechanical sense, nor are 
the heat transfer properties, temperatures, or physics behavior affected. 

4.4.2 LATTICE PLATE. The lattice plate, or grid plate, is shown in 
Figure 4.15, and in the isometric drawing, Figure 4.17. The lattice plate is an 
aluminum alloy forging whose base element is a 2-inch thick plate of rectangular 
shape with lateral dimensions 23-1/4 x 22-13/32 inches. A 3-1/4-inch high grid 
of 1/4-inch thick plates is located above the 2-in. portion of the plate. The 
2-in. plate section and the 3-1/4. in. grid work were machined from a single 
forging. The end boxes of the fuel elements fit into the cells in the grid 
structure. Around the periphery of the lattice plate there is a guide structure 
for the auxiliary control rod blades which extends upward 15-1/2 inches from the 
top of the basic 2-inch plate. The 2-inch plate has a series of 2-3/8-inch 
diameter holes drilled in it for coolant flow. 

The grid plate is supported on the vertical webs of the support saddle. 
The plate is bolted down to the saddle with four bolts of the type shown in 
the assembly drawing, Figure 4.14. Like all of the threaded fastenings used 
in the reactor vessel, these bolts are secured by locking devices which do not 
depend on friction. Two operations must be performed in securing the bolts. 
One is the tightening of the screw thread itself, and the other is the plastic 
deformation of a retaining cup into a position in which it prevents the loosing 
of the main bolt. The design is such that if the loaded part of the bolt 
fails the fragment will be held captive by the locking cup. Special tools have 
been designed to install and remove these bolts from outside the reactor 
vessel. As mounted in the reactor vessel, the top of the 2-inch base plate of 
the lattice plate is 29 in. below the center of the core. 

I 
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The lattice plate is subject to mechanical loadings from the weight of the 
fuel elements and the fluid pressure and drag forces on the elements from 
coolant flow. The element weight is 12.5 pounds and the total reaction from 
full coolant flow is 287 pounds per element (4.17). The total mechanical 
loading is distributed evenly across the central portion of the plate. The 
reaction of the two in-core thimble shrouds (see Section 4.5.1) on the grid 
plate is accounted for by assuming the same weight and fluid force as for the 
fuel elements. 

The heating rate at the grid plate is 1.0 watts/gm, with 0.72 w/gm of the 
total being due to the core gamma ray field and thermal neutron capture in 
the aluminum, and the balance of 0.28 w/gm being due to capture gamma rays from 
the anticritical grid and the auxiliary control rods (4.18). The heating is 
essentially uniform throughout the plate material. 

Table 4.4-1 gives the grid plate material, design loads, and temperature. 

Table 4.4-1 Grid Plate Design Conditions 

Material ASME SB-209, Type 6061-T6 

Mechanical Loads: 
Fuel Element Weight, 30 at 12.5 lb 
Fuel Element Drag, 30 at 287 lb 

Radiation Heat Generation 

Maximum Temperature 

375 lb 
8610 lb 

1.0 watts/gm 

250°F 

The perforated portion of the grid plate was analyzed by the "equivalent" 
solid plate concept (4.19) using modified values of the elastic modulus and 
Poisson's ratio. In general, this method consists of calculating the nominal 
bending and membrane stresses and deflections of an equivalent solid plate and 
then calculating the physically meaningful perforated-plate stress values from 
these nominal values. 

The maximum-shear theory and the "equivalent intensity of combined stress" 
described in Section 5.5.9 (also see reference 4.20) were used as the basis 
for design. This approach is convenient in a perforated plate since the stress 
averaged across a typical ligament has the same sign as the (smaller) average 
transverse stress. Thus the calculated value of the "stress intensity" in the 
plane of the plate, based on stresses across the minimum ligament sections, 
(i.e., with transverse stresses taken equal to zero) will always be equal 
to or greater than the true value of the "stress intensity" in that plane. 

Since the heat generation rate is uniform, in the perforated portion of 
the plate only the thermal stresses around a typical hole are of any signifi
cance. Here the peak thermal stress is 514 psi (compression) and the average 
thermal stress is 386 psi (compression). The pertinent mechanical and thermal 
stresses and the applicable established allowable stresses for the perforated 
portion of the grid plate are summarized in Table 4.4-2. 

The average metal temperature of the perforated portion of the grid plate 
is 153°F, while external to the auxiliary rod guides the metal temperature 
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is 218°F (4.18). This difference is primarily due to the different film heat 
transfer coefficients in the two regions, since the heat generation rate is 
constant and the thermal conductivity of aluminum is high. The resulting 
temperature gradient produces local maximum thermal stresses of i 16,000 psi. 
The maximum mechanical stresses in this vicinity are ± 2000 psi. Thus, the 
maximum combined stress is 18,000 psi (4.18). 

Table 4.4-2 Grid Plate Stresses 

1. Maximum Average Stress 
Intensity at Surface of 
Plate, across Ligament 

2. Maximum Peak Stress 
Intensity at Surface of 
Plate in Ligament 

3. Maximum Ligament Stress 
Intensity, Average 
Through Depth of Plate 

Mechanical 

Calculated Allowable 

5590 psi 14100 psi 

10360 14loo<b) 

1760 9400(a) 

Mechanical + Thermal 

Calculated Allowable 

5980 psi 28200 psi 

10870 20200Cc) 

1840 28200(c) 

Notes: (a) Refer ASME Code, Section VIII, Table UNF-23 (1962) 

~) (l.5)x(9400) 14100 psi, Refer Case 1272N-4, ASME Code 

(c) (3.0)x(9400) 28200 psi, Refer Case 1273N-7, ASME Code 

At the four points of support by the saddle, the grid plate local mechani
cal stresses are ± 3840 psi maximum. The maximum thermal stress at these 
points is 1200 psi (tension), and the maximum combined stress is 5040 psi. The 
fast neutron (> 1 Mev) exposure rate for the grid plate is about l.4xlo19 
nvt/year in the base 2-in. thick plate. 

4.4.3 LATTICE PLATE SUPPORT SADDLE. The support saddle is seen in the 
vessel drawing, Figure 5.21, and in the core assembly drawing, Figure 4.2. The 
saddle material is aluminum alloy 6061-T6. The saddle is made by welding two 
2-inch thick plates in the shape of a cross. The saddle height is 9-1/2 in. 
The bottom of the cross fits the contour of the bottom of the vessel. The 
saddle is bolted to the vessel mounting blocks at the four ends of the cross. 
The saddle is drilled and tapped for the lattice plate fastening bolts, and for 
the attachment bolts for the anti-critical grid. Once bolted to the mounting 
blocks~ the saddle is a permanently fixed member in the bottom of the vessel. 

The mechanical loading on the saddle is small, since the grid plate loading 
is transmitted directly to the mounting blocks and thereby to the vessel wall. 
The heating rate in the saddle is slightly lower than that in the grid plate 
and the saddle temperature at full reactor power is about 200°F. The fast 
neutron (>l Mev) exposure rate is approximately 5.9xl018 nvt/year. 

4.4.4 TRANSITION PLATE. The transition plate is shown in Figure 4.16. 
The transition plate is a 1/2-inch thick plate of 33-1/2-inch diameter welded 
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to a short cylinder of about the same diameter. The material of the transition 
plate is type 304 stainless steel. The central section of the circular plate 
is cut out in the outline of the top of the core. The circular plate is further 
pierced by a series of "Y" openings for the main control rod blades and the 
auxiliary control rod follower tubes. The plate is reinforced between these 
penetrations by a series of fourteen 3/8-inch thick gusset plates. There are 
other penetrations in the transition plate, for the four flow reversal valves, 
and the two core-edge irradiation thimbles. 

The transition plate is attached to the upper shroud by twelve 3/4-inch 
diameter pins. This attachment method allows differential expansion to take 
place between the stainless steel transition plate and the aluminum upper 
shroud cylinder without stressing either member. The pin material is type 304 
stainless steel, chrome plated. The pins are plug welded to the transition 
plate after assembly. 

The mechanical loading of the transition plate is due to the differential 
pressure across the plate from the core pressure drop. A design value of 40 
psi has been used in calculating the transition plate mechanical stresses. At 
40 psi the mechanical stresses are all less than half of the allowable stress. 
The thermal loading is due to the radiation heating rate of 1.65 watts/gm, of 
which 1.03 w/gm is due to neutron capture in the plate, and 0.62 w/gm to core 
and main control rod gamma rays (4.18). The maximum temperature of the plate, 
for design and allowable stress purposes, is 300°F (actual plate temperatures 
are less than 300°F). The plate material is stainless steel, ASME SA-240, 
Type 304L. Allowable stress levels for the 300°F design temperature were 
established at 16,000 psi for mechanical stresses alone and 24,000 psi for 
combined mechanical and thermal stresses, as per ASME Code, Section VIII, 
Table UHA-23 (1962), and Code Case 1272N-4. 

In the flat portion of the transition plate the average temperature is 
234°F, and the maximum temperature is 246°F. The maximum mechanical stress 
is ± 7320 psi and the thermal stresses are + 7550 psi and +7730 psi on the top 
and bottom surface, respectively. The maximum combined stress is 14870 psi. 

In the cylindrical portion of the transition plate the average temperature 
is 225°F and the peak temperature is 271°F. Both the mechanical and thermal 
stresses are at a maximum on the inside surface. Here, the mechanical tangen
tial stress is + 1850 psi and the longitudinal stress is + 3250 psi. The 
thermal tangential stress is + 19200 psi, while the longitudinal stress is 
negligible. The maximum combined stress is+ 21050 psi. 

In a typical gusset plate the average temperature is 181°F. The maximum 
mechanical bending stress is ± 6750 psi. The maximum thermal stress across the 
width of the gusset is + 4310 psi. The maximum thermal stress due to the 
average temperature difference between the gusset plate(s) and the rest of the 
structure is+ 13460 psi. The maximum combined stress is 20,210 psi (4.18). 
The fast neutron (>l Mev) exposure rate at the transition plate is about 
l.9xlo19 nvt/year. 

4.4.5 FLOW SHROUD. The flow shroud is shown in the elevation of the 
vessel, Figure 4.14. Its general shape and location in the vessel are also 
shown in the isometric sketch, Figure 9.22. The flow shroud is a cylindrical 
piece 10 ft-6 3/4 in. long, with an outside diameter of 32.687 inches at the 
lower end and 44.250 inches at the upper end. The shroud is a composite 
section of two basic members. The lower member is a heavy-walled cylinder 
(3/4 in.) which is supported by a flange in the reactor vessel neck. The 
transition plate is pinned to the bottom of this section. The upper section 
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of the shroud is a light cylinder (1/4 in. wall) which extends above the flange 
to support the rod drive mechanisms. The material of the flow shroud is alumi
num alloy 6061-T6 throughout. 

The function of the shroud is to direct the incoming coolant from the 
vessel inlet nozzle downward through the transition plate and through the core. 
It also serves as a wall of the return annulus in the neck of the vessel for 
coolant leaving the vessel. 

The loading on the shroud is due to the internal pressure caused by the 
core pressure drop. This is expected to be 31 psi at full flow conditions, and 
leads to stresses of only a few hundred pounds per square inch in the heavy
walled shroud. Most of the shroud operates at a temperature dictated by the 
mean between the inlet coolant temperature of 120°F and the outlet temperature 
of 134°F. Radiation heating is negligible save at the very lower end of the 
shroud where a design rate equal to that in the transition plate (1.65 w/gm) 
was used. At this heating rate the lower end of the aluminum shroud has a mean 
temperature of 145°F. The pinned joint between the transition plate and the 
flow shroud has a nominal 0.010-in. wide radial clearance (at 70°F) to allow 
for differential thermal expansion. With the flow shroud lower end at 145°F 
and the transition plate cylinder at 225°F at full power, the clearance gap 
is increased to 0.017 in. 

4.5 OTHER COMPONENTS IN THE CORE REGION 

4.5.1 IN-CORE IRRADIATION THIMBLES AND SHROUDS. The in-core irradiation 
thimble shroud is shown in the core elevation drawing, Figure 4.2. The shroud 
is a circular filler piece which fits into a central lattice position of the 
core. The shroud is 57.25 inches in length, to match the fuel elements. At the 
upper end it is fitted with a standard top box and fuel handling ears identical 
to those on the fuel elements. At the lower end there is an end box, identical 
to that of the fuel elements, which fits into the lattice plate. The body of 
the shroud is a 2.75-inch O.D. by .125-inch thick wall aluminum alloy 6061-T6 
tube. The two central positions in the core are occupied by these in-core 
thimble shrouds. 

The in-core thimbles themselves, V-15 and V-16, are bayonet-type thimbles 
which extend from the core region on up through the top plate of the vessel. 
They are connected to the coolant lines of the experimental o2o circuit, and 
have openings for the insertion and removal of irradiation samples. The 
thimbles are discussed in Section 8.1.4. The portions of the in-core thimbles 
in the core region are 2 in. Schedule 80 aluminum alloy 6061-T6 pipes. The 
2 in. Schedule 80 pipe has a nominal outside diameter of 2.375 inches, leaving 
a 1/16-inch thick annular clearance between the outside of the thimble and the 
inside of the shroud wall. Water flow down this annulus at 30 gpm per thimble 
(20 ft/sec) cools the shroud tube. 

The primary function of the shrouds is to prevent excessive bypass flow 
between the in-core thimbles and the rectangular openings in the fuel element 
top box array at the transition plate level. This is accomplished by the top 
box structures of the shrouds and by the relatively close fit of the shroud 
tubes to the thimble pipes. The long engagement (about 38 in.) of the thimbles 
in the shrouds gives a sufficient flow impedance to limit the bypass flow to 
the desired level for cooling the shroud tubes without danger of erosion. A 
secondary function of the shrouds is to position the thimbles in the core and 
provide lateral support for them. Should the reactor be operated without an 
in-core thimble in place, a suitable flow-blocking member must be substituted 
for the shroud. 
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4.5.2 CORE EDGE IRRADIATION THIMBLES. The core edge irradiation thimbles, 
V-13 and V-14, are 2 in. Schedule 80 aluminum alloy 6061-T6 pipes, ending in 
weld caps 6-1/8 inches below the centerline of the core. They are located out
side two corners of the core, as shown in Figure 4.3. The core edge thimbles 
pass through openings in the transition plate and are supported from a flange 
at the top of the reactor vessel. Outside the vessel they connect to the 
coolant lines of the experimental D20 system and to loading stations on the 
pile top. These details are discussed in Section 8.1.3. When a core edge 
thimble is not in use and is removed from the vessel, a cap is placed on the 
opening in the transition plate or a dummy thimble is inserted to prevent 
excessive bypass flow of the coolant through the opening. 

The openings in the transition plate through which the thimbles pass are 
4-inch long collars of type 304 stainless steel. Each core edge thimble has 
an external sleeve of type 304 stainless steel which fits into the transition 
plate collar and overlaps it at the top end. The sleeve is fitted to the 
thimble pipe with a .010 in. maximum diametral clearance. The sleeve is 
4-1/4 in. long and is held captive on the thimble by weld deposit nipples 
several inches above and below the normal sleeve position. The fit of the 
sleeve on the thimble pipe allows the necessary vertical differential expansion 
motion to take place without restraint, but limits the coolant bypass flow 
velocity along the aluminum pipe to 20 ft/sec. 

4.5.3 FLOW REVERSAL VALVES. The flow reversal valve is shown in Figure 
7.2, which also shows the flow diagram for the actuating process circuits. The 
operation of the valves is described in Section 7.2.2. Four of the flow 
reversal valves are located on the transition plate above the core. Their 
purpose is to provide flow openings in the event that forced cooling of the 
reactor core becomes impossible. The openings in the transition plate created 
by the opening of the flow reversal valves offer a return path for natural 
convection cooling of the core. 

The flow reversal valve is constructed of aluminum alloy 6061-T6, except 
for some type 304 stainless steel screws and nuts and an Inconel tension 
spring. All of the aluminum parts are anodized to limit corrosion and wear. 

The valve is composed essentially of two parts, a stationary cylinder which 
is bolted to the transition plate above a 2-31/32 in. diameter hole and an 
internal piston. The piston is forced down to close the hole by water pressure 
from process systems outside the reactor vessel. It is opened by an Inconel 
tension spring when this driving pressure is relieved. 

The wall sections of the valve are relatively thin, of the order of 1/4 
inch, and are cooled both externally and internally. The valve temperature 
rise above the water temperature is, therefore, modest (20 to 30°F) at full 
reactor power. The external cooling flow is from the main coolant stream. The 
internal cooling is from a 5 gpm flow in the driving pressure line, which 
passes through the clearance between the piston and the cylinder, the clearance 
around the indicator pin, and through bleed holes in the piston. 

4.5.4 ANTI-CRITICAL GRID. The anti-critical grid is shown in the reactor 
vessel drawing, Figure 5.18, and in the core drawings, Figures 4.2 and 4.14. 
The anti-critical grid is a set of stainless steel bars mounted in the base of 
the vessel to prevent criticality of molten fuel in the event that the core 
should overheat, melt, and resolidify in the bottom of the vessel. The grid is 
divided into four quadrants. Each quadrant has two side pieces at 90°which 
bolt to the support saddle in the base of the vessel. Between the two side 
pieces a set of one-inch diameter type 304 stainless steel bars are bent into 
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quadrants of circles. The volume of the bars in the area at the bottom of the 
vessel which the grid occupies is 15% of the total available volume. This much 
stainless steel is found to be necessary to maintain a core melt in sub-critical 
configuration (4.21). The anti-critical grid serves an auxiliary purpose in 
shielding the bottom of the reactor vessel from the direct jetting flow of 
coolant water from the core. 

The portion of the core coolant flow which passes through the lattice 
plate provides excellent cooling around the anti-critical grid bars. Calcu
lations of bar temperatures made for design heating rates which are somewhat 
higher than those expected at full power give maximum temperatures of 220°F 
center and 156°F surface. The resulting thermal expansion (about 0.005 in.) 
is taken up by a flexing of the quarter-circle bars and the side pieces. 

4.6 REACTOR PHYSICS DESIGN 

4.6.1 INTRODUCTION. The High Flux Beam Reactor is the first of a new 
generation of reactors specifically designed for particular kinds of physical 
research. The physical research in this instance is primarily that done with 
neutron beams. The design also provides, but does not emphasize, facilities 
for small sample studies of radiation damage by high energy neutrons, and for 
the production of radioisotopes. 

The emphasis on efficient production of neutron beams has guided the 
physics design. It has led to a choice of materials and a configuration which 
provides high neutron intensity at positions where beam tubes can be placed. 
The neutron energy distribution varies with position, so that beam tube loca
tions have been matched to specific experimental needs. The design causes some 
aspects of the neutron physics behavior to differ in first appearance from 
those of more conventional reactors. However, these differences are generally 
superficial, and there are no unusual effects on the safety of the system. 

The moderator volume fraction in the core is much less than is customary 
in heavy water reactors. This feature leads to poor neutron moderation in the 
core and to high neutron escape probability into the reflector. On the other 
hand, the heavy water reflector is an efficient neutron moderator. It scatters 
the neutrons and degrades their energies, so that enough neutrons return to 
the core at low energy to produce additional fissions and sustain the chain 
reaction. In other words, the reactor is in large part externally moderated. 

It follows that the low energy neutron intensity is greatest in the 
reflector, where the beam tubes must be placed. The low energy flux peaking 
is so great that the product of flux times importance times capture cross 
section of control rod absorber material also peaks in the reflector, about one 
inch from the core face, and therefore the control rods are placed in this 
region. Viewed another way, control rods fulfill their safety function in 
providing shutdown by masking the core from the return of neutrons from the 
reflector. Since the part played in the neutron cycle by these returning 
neutrons is so large, the reflector control rods are highly effective. 

The point that low energy neutrons are found mostly in the reflector while 
higher energy neutrons are concentrated within the core is used also in the 
placement of irradiation tubes for the study of high energy neutron damage to 
small samples, such as single crystals. Two such irradiation tubes are located 
in empty fuel element positions in the core center. Two others are placed in 
the region of somewhat lesser fast neutron quality, just outside the core. 
Three isotope production facilities are placed in the reflector, at positions 
where the neutron flux is well thermalized. 

I 
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Early in the conceptual stage of the HFBR, it was realized that the 
geometry of the system would make accurate theoretical predictions of many 
properties impossible within reasonable limits of time and computing machine 
usage. The geometric complications are primarily the. large void volumes of 
beam tubes and similar facilities, but the reactivity effects of structural 
components in the more than usually important reflector also make calculations 
difficult. The lack of flux separability in the reactor would have made it 
necessary to do all design calculations in three dimensional geometry. The 
complete job could not be done in a reasonable time even by the fast large 
memory computing machines now available. It was, therefore, necessary to design 
the reactor core to a large extent from critical experiments. 

More than one thousand critical experiments have been performed in arriving 
at the final design. These have touched on nearly all aspects of the reactor 
behavior, including core size versus excess reactivity, power distribution, 
gamma heating, control rod effectiveness, reactivity effects of structures, 
safety problems, and many others. One fundamental result has been the unusual 
orientation of the beam tubes to be used for neutron diffraction studies; 
these are so aligned that they see few of the highly directional fast neutrons 
and gamma rays from the core, while at the same time their extraction of the 
more isotropic low energy neutrons is unimpaired (4.22). 

The neutron physics properties of the reactor have been well established 
in the course of the critical experiments. The physics parameters which were 
calculated but could not be measured during the critical experiments, and that 
are needed for safety or operational effectiveness, will be measured during the 
startup program, discussed in Section 12. 

4.6.2 CORE NUCLEAR PROPERTIES. In this section we list the core param
eters relevant to neutron physics behavior (references 4.23 through 4.30). 

Active Core Volume 

Mass U-235 (initial) 

Average D2o Volume Fraction 

Core Length (fueled region) 

Atom Densities of Core Constitutents (initial) 
U-235 
Deuterium 
Oxygen 
Aluminum 

Excess Reactivity, Cold Clean Core; 
All rods Withdrawn 

Excess Reactivity, Cold, Equilibrium Core; 
All Rods Withdrawn 

Total Reactivity Effect, All Rods 

Shutdown Margin, All Rods 

Total Reactivity Effect, Main Rod Crown Only 

Shutdown Margin, Main Rod Crown Only 

Core Void Coefficient (uniform) 

Core Water Temperature Coefficient (uniform) 

Core Fuel Temperature Coefficient (uniform) 

88.29 liters 

7.67 kgm 

0.5771 

20. 75 inches 

2.23xlo20 cm- 3 
3.83xlo22 cm- 3 

l.92xlo22 cm- 3 

2.42xlo22 cm- 3 

13.4 %k 

10.6 o/ok 

37 .5 o/ok 

24 .1 %k 

30.5 o/ok 

17.lo/ok 

-3.53xlo-4 o/ok/cm3 void 

-6. 7xl0-3 %kl° C 

-O .52x10-3 o/ok/° c 
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Reflector Temperature Coefficient (uniform) 

Total Uniform Temperature Coefficient 

Neutron Lifetime 

Effective Delayed Neutron Fraction 
(including photoneutrons) 

Peak-to-Average Power Ratio 
(hot, with Xe, clean core) 

Peak-to-Average Power Ratio 
(hot, with Xe, equilibrium.core) 

-17.2xl0-3 %k/°C 

-24 .4xlo- 3 %k/° C 

672 µsec 

0.0078 

3.44 

3.18 

4.6.3 FLUX AND POWER DISTRIBUTIONS. The neutron flux distribution has 
been calculated as a function of energy and position in the core and reflector 
(4.31). The calculations are necessarily idealized; they assume the geometry 
to be either spherical or cylindrical, and account for the neutron capture and 
leakage in the beam tubes and thimbles by a uniformly distributed l/v absorber 
in the reflector. Some measurements of the thermal ·neutron flux distribution 
have been made in the reflector, mostly to establish the size of the perturbing 
effects. Figure 4.18 shows the calculated neutron flux in broad energy groups, 
compared with the experimental thermal flux distribution along one line between 
the core-reflector interface and the vessel wall. This figure shows in striking 
fashion the effect of the external neutron moderation on the flux distributions, 
especially at low neutron energy. The thermal neutron flux has a strong peak 
in the reflector, with the maximum occurring about 12 cm from the core-reflector 
interface. This feature is ideal from the standpoint of the placement of beam 
tubes, which must extract neutrons from the reflector region. 

Because the fission cross section is greatest at low energies, there is a 
tendency for the power production distribution to follow the thermal neutron 
spacial variation. The largest power peaks occur at the core boundary, rather 
than in the core interior. As with other reactors, the power distribution and 
the peak-to-average power ratio change as the core burns out. Information on 
the initial power distribution has been found from critical experiments, where 
the fission activation of mockup fuel elements has been measured throughout 
the core (4.27). It was not feasible to reproduce in the critical experiments 
the effect of fuel burnup on the change in power distribution, and these effects 
have been calculated. 

Measurements were made with distributed copper in the critical assembly, 
core to represent the reactivity effects of equilibrium xenon and the operating 
temperature. The assembly was then critical with control rods in positions 
corresponding to the rod positions in the reactor at 40 MW, with equilibrium 
xenon, shortly after the reactor is first started up with clean fuel. The 
observed power distribution in the critical, copper-poisoned core is shown in 
Figure 4.19, which is a two-dimensional plot of the relative power density 
variation across horizontal planes at the core center, 6.5 in. above center, 
and at the core top. The figure also shows the horizontal variation of the 
relative power density average taken vertically in the direction of the coolant 
channels. 

The data from the experiments have been used as the starting point in a 
calculation that predicts the change in power distribution as burnup proceeds 
and as fuel recharging takes place. In this calculation, the rate at which 
fuel is burned in a given position is assumed to be proportional to the initial 
burnup rate at that point, and to the density of fuel remaining. It is assumed 
that each nineteen days partly burned fuel elements from the inside fourteen 
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positions are moved to the outside fuel positions, and new fuel elements are 
loaded in the inside locations. In this manner, the change in power distribu
tion is followed throughout a sequence of operating periods and reloading 
operations until the equilibrium core is reached, and the variation during each 
cycle agrees with that during the next. This analysis is approximate in that 
it neglects any departures from the initial flux distribution. These departures 
may arise from changes in uranium density as burnup proceeds, and they are also 
introduced by control rod position changes. The reshaping of neutron flux due 
to burnup will probably cause little change in the peak-to-average power ratio, 
because the increase in low energy flux at the hot spot as the effective core 
boundary moves inward is compensated by the increase in fission rate inside the 
core caused by the greater transparency of the outer fueled region. The 
primary effect of rod motion away from the core will be to increase the heat 
generation at the top and bottom of the core. 

The calculated relative power density profiles for the partly burned cores 
are shown in Figures 4.20 and 4.21. Figures 4.20 and 4.21 show the relative 
power density profiles at the beginning and end of an equilibrium cycle. The 
variation of the relative power density in the vertical direction along the 
"hot" corner of the "hot" fuel plate is shown in Figure 4.22 for the beginning 
and end of both the equilibrium cycle and the first cycle for a loading of 
unburned fuel elements. The behavior of the peak-to-average power ratio as a 
function of time through the first cycle, with the fresh core at full power 
and equilibrium xenon, and also throughout the equilibrium cycle is shown in 
Figure 4.23. 

The power distribution measurement in the critical assembly mockup shows 
the initial peak-to-average power ratio of the hot core with equilibrium xenon 
to be 3.44. The maximum value in the equilibrium cyle, which occurs just 
after reloading, is 3.18. 

4.6.4 FUEL CYCLING AND BURNUP. At the design power of 40 MW, the U-235 
fission rate will be 41.3 grams/day. Each fuel element will remain in the 
core for 38 full power days, during which period the average loss per element 
from fission of the U-235 will be 56.0 grams of U-235. Since the initial fuel 
content of an element is 274 grams of U-235, the average burnup in fuel elements 
just prior to their removal is 20.4 %. 

If the positions of elements were not changed during the 38 day element 
life, the burnup of uranium at the point of peak fission generation would be 
60 %, well beyond the region in which radiation histories have been obtained. 
The fuel cycling chosen will avoid this problem by starting fresh fuel elements 
in sections of the core where the burnup rate is low, and transferring them at 
the midpoint of the element life to high burnup rate positions. The cycle is 
briefly this. At the end of an operating cycle the reactor will be shut down 
and allowed to remain on shutdown cooling for a period long enough to permit 
the shorter lived fission products to decay. The fuel in the fourteen outer 
fuel positions will then be removed and transferred to the canal. The fuel 
elements in the fourteen inner positions will then be transferred to the 
positrons left vacant. New fuel will be inserted in the inner fuel positions. 
The reactor will then be taken to power again, to run through another 19 
day cycle. 

With half the fuel elements being removed at each scheduled shutdown, the 
interval between shutdowns is three weeks, a period of time that has also been 
found convenient for the required changes to experiments. The peak burnup is 
reduced to 42.5 % of the initial U-235 content, because fuel remains in high 
burnup positions for only half the fuel life. The 42.5 % burnup is comparable 
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with that to which test elements in the MTR and ETR have been run (see Sections 
4.2.5, 4.2.6). The reactivity swing during operation is reduced by the fuel 
cycling procedure, as are the required control rod motions and the associated 
effects on flux distributions near experiments. 

4.6.5 REACTIVITY REQUIREMENTS FOR OPERATION. The initial core size and 
atom concentrations have been chosen to allow for reactivity losses caused by 
fuel burnup, stable fission product buildup, equilibrium xenon and samarium 
poisoning, the cold-to-hot reactor reactivity change, and some irradiation 
samples in the experimental facilities (4.24). Some allowance is also present 
for reactivity control by the rods at the end of core life. 

No separate allowance is made for transient xenon override. After an 
unscheduled shutdown, advantage will be taken of whatever available reactivity 
remains to regain power before the transient xenon poison buildup becomes 
excessive. 

The reactivity effects of the separate contributions listed above are not 
arithmetically additive. For instance, the reactivity losses introduced 
individually by xenon buildup and fuel burnup do not add up to the reactivity 
loss caused by the two taken together. This feature is not special to the 
HFBR: it is characteristic of all reactors that have large allowances for 
reactivity changes in the course of their operation. Calculations have been 
performed to establish the keff that the core must have initially to meet the 
reactivity requirements for the several effects separately, and also when they 
exist together. The results of these calculations that are of most interest 
here are the following. 

The reactor, when ready for reloading in the equilibrium cycle, with 
equilibrium xenon and samarium, but at room temperature, would have a keff of 
1.023 if all rods were fully withdrawn. The 2.3 % excess keff supplies the 
temperature defect, permits the addition of some absorbers in irradiation 
tubes, and allows a minimum of about 0.5 % keff for control purposes. After 
xenon decay has occurred, but still with equilibrium samarium, and at room 
temperature, the reactor would have a k ff of 1.067 with all rods fully 
withdrawn. e 

After reloading has been completed, with xenon decayed in the partly burned 
fuel on the core periphery, with equilibrium samarium in the partly burned fuel, 
and at room temperature, the reactor would have a keff of 1.106 with all rods 
withdrawn. The system is then ready for operation. After the return to power, 
with xenon and at operating temperature, the keff would be 1.062. 

In order that the keff should be 1.023 at the point just before reloading 
is needed, the initially loaded reactor core (all fresh fuel elements) must have 
a keff of 1.134. 

Although the individual reactivity effects are not strickly additive it 
is useful to have the approximate magnitude of the individual effects. For 
this purpose we construct the table below. 

Burnup, Sm, and stable fission products, 
equilibrium cycle 

Xenon, equilibrium 

Temperature defect 

3.9 o/ok 

4.4 

0.9 



Irradiation sample allowance 

Control margin, end of cycle 

Burnup, Sm, and stable fission 
products in outer 14 elements 
at start of equilibrium cycle 
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0.9 

0.5 

10.6 

2.8 

The failure of the individual reactivity effects to add in a linear fashion 
is shown by the calculated system reactivity of 6.2 %k at operating temperature, 
with xenon, but with no burnup, as compared to the value 5.3 o/ok which would be 
inferred from the table above. 

The preceeding reactivity values are the results of computer calculations. 
Critical experiments have shown that the required keff of 1.134 will be achieved 
with a core volume of 88 liters, with the atom density ratios as given above 
(4.24). This result is found to be almost independent of the precise core 
shape. With the fuel element cross sectional dimensions chosen, the fueled 
length is then 20.75 inches. 

The contemplated use of the reactor will not call for appreciable reactiv
ity changes caused by changes in experiments during operation. The total 
allowance for irradiation experiments is only 0.9 o/ok, and this must be divided 
between the three isotope (thermal) thimbles in the reflector and the four 
fast thimbles in and near the core. 

4.6.6 CONTROL ROD WORTHS. The physical properties of the control rod 
blades are discussed in Section 4.3. A prototype control rod blade identical 
to those to be used in the HFBR has been tested in the critical experiments 
to establish the blade reactivity worth and calibration curve. The prototype 
blade was a main blade, as shown in Figure 4.7. The auxiliary control rod 
blade should have a reactivity effect very nearly the same as the main blade 
at corresponding positions. The effect of the stainless steel coupling block 
on the auxiliary blade may increase the auxiliary rod worth slightly. 

The measured calibration curve for the prototype main rod is shown in 
Figure 4.25. The main rod stroke is 30 in., with the zero position at "full
out". As might be expected, the rate of reactivity change with rod insertion 
is smallest at the point of maximum withdrawal, where the blade tip is farthest 
from the top of the reactor core. The maximum differential worth occurs when 
the blade partly covers the side face of the reactor; over most of this interval 
the differential worth is nearly constant. Figure 4.25 is also assumed to be 
the calibration curve for a single auxiliary rod, over the portion of the 
stroke from 0 to 15 in. 

The total reactivity worth of the prototype main blade is 3.82 %k. The 
calibration curve was measured with seven other main blades and eight auxiliary 
blades -placed around the mock-up core in simulation of the full reactor control 
rod configuration. These blades were cadmium-stainless steel blades of the 
same size and shape as the reactor blades. The calibration curve for the proto
type main blade (Figure 4.25) thus includes shadowing effects. On the basis of 
the prototype calibration curve the total reactivity worth of the eight main 
rods is 30.5 %k. The worth of a single auxiliary blade is 0.87 %k, and the 
total worth of the eight auxiliary blades is 7.0 %k. The reactivity effect of 
all 16 control rods is 37.5 %k. 
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Of course, when reactivity worths of these magnitudes are discussed, the 
precise values become unreliable because of fundamental questions of definition. 
The values used here are based on the assumption of the continued validity of 
the point reactor model over the course of the transient experiments that 
measured the reactivity effects. The small size of the core, measured in terms 
of the migration length, implies that such an assumption is reasonable. 

The substantial worth of the control rod blades is another result of the 
extermal moderation of neutrons. The sections of the blades in the top and 
bottom reflectors poison the moderator where it is most effective. Sections 
of blades covering the side faces of the reactor during shutdown intercept 
moderated neutrons on their way back to the core. 

The reactor is seen to be shut down by a very substantial margin by all 
sixteen control rods, or by the eight main rods alone (see the table in Section 
4.6.2). The least shutdown margin will exist with the fresh, unburned core. 
At that time, the shutdown margin of the cold, xenon-free reactor, with all rods 
inserted, will be 24.1 o/ok. The shutdown margin with all bottom rods withdrawn 
and only seven of the eight top rods inserted (stuck rod situation) will be 
13.3 o/ok. Thus the HFBR will amply meet the stuck rod criterion. In fact, only 
four main rods of the total array of 8 main rods and 8 auxiliary rods are 
required to shut down the fresh, unburned core: the shutdown margin in this 
case is 1.88 %k. For the equilibrium core, only three main rods are required, 
the shutdown margin in this case being 1.06 %k. 

The rod withdrawal speed is 4.3 inches/minute. Reactivity rate curves are 
shown in Figure 4.24. From these curves it is concluded that the maximum 
reactivity addition rate is caused by withdrawal of the main rod crown, and is 
0.126 %k/second. However, this maximum rate occurs when the reactor is still 
subcritical. The reactivity addition rate by steady withdrawal of either rod 
crown just as the reactor becomes critical is 0.097 %k/sec for the fresh-fuel 
core and 0.083 %k/sec for the equilibrium core, both at the beginning of the 
cycle. These are the maximum reactivity addition rates from the rods which 
occur during operation of the critical reactor. The maximum rate at which 
reactivity will be changed by the automatic power level control system, which 
controls a single auxiliary blade, is 0.0116 %k/sec for both the fresh-fuel 
and equilibrium cores. In Figure 4.24, note that the curves apply to the main 
rods over the full 0 to 30 in. stroke, and to the auxiliary rods from rod 
positions 0 to 15 in. 

4.6.7 REACTIVITY OF BEAM TUBES, THIMBLES, AND SUPPORT STRUCTURES. 
Critical assembly measurements have established the reactivity effects of the 
experimental facilities and the structural components that are of interest from 
the standpoint of reactor safety. 

The beam tubes and irradiation thimbles are especially significant in this 
connection. It has been found that flooding a single tube or thimble with 
heavy water would increase the system reactivity by the amount shown in the 
following table: 

Facility 

Standard beam tube 

Cold neutron facility 

Central irradiation thimble 

Core-edge irradiation thimble 

Isotope irradiation thimble 

Reactivity Effect from Flooding 
(dollars) 

0.5C 

negligible 

0.85 

0.24 

negligible 
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The combined effect of flooding all beam tubes is found to be an increase 
in reactivity of 2.63 %k (3.37 dollars). This increase is amply covered by the 
large shutdown margin of the control rods, and the reactor would be subcritical 
even if a major system break were to flood the reactor vessel from the outside 
by filling the thermal shield cavity with heavy water. 

Although it is not apparent how the reactivity effects of other structural 
components about the core might be of concern in connection with reactor safety, 
these reactivity effects have nevertheless been measured. They are all found 
to be smaller than the effect of flooding a central irradiation tube. 

4.6.8 REACTIVITY EFFECTS IN FUEL HANDLING. At some stages in fuel load
ing, the shutdown margin will be less than at the fully loaded stage. This 
effect is caused by the highly undermoderated nature of the core. Removing 
some fuel elements from the interior of the reactor increases the reactivity 
by improving the internal neutron moderation. For this reason, critical 
experiments have been performed to determine the ability of the main control 
rods to keep the reactor subcritical regardless of the configuration of fuel 
elements in the core region (4.25). 

These experiments have shown that the clean, cold, fully loaded reactor 
core can be held subcritical by any four of the eight main control rods. The 
most reactive configuration of fuel is that shown in Figure 4.26. Any five of 
the main control rods will hold this configuration subcritical. The critical 
experiments were performed with fuel elements similar to the unburned ones for 
HFBR. The holddown capability will improve even further as the U-235 burns 
and fission products are formed. 

The increase in reactivity from the fully loaded core to the most reactive 
configuration (Figure 4.26) was found to be approximately 2 1ok. These studies 
have shown that the stuck rod criterion is more than amply met by the HFBR 
design, and that reactivity changes during fuel reloading are well within the 
capability of the control system. 

4.6.9 TEMPERATURE AND VOID REACTIVITY COEFFICIENTS. There are three 
basic components in the temperature coefficient of reactivity. The thermal 
expansion of fuel plates causes an increase of metal volume fraction in the 
core, expelling D2o and reducing the amount of in-core neutron moderation; this 
leads to a small negative prompt coefficient. A slightly delayed moderator 
temperature coefficient is caused by expansion of D20 in the core with heating, 
with the sign of the effect being negative because of reduced in-core neutron 
moderation. A longer delay time (3.8 seconds) is associated with a strong 
negative reflector temperature coefficient. D20 that has passed through the 
core goes through the reflector on its way to the exit pipe, and so an increased 
heat flux in the core causes the reflector temperature to rise. The coefficient 
is large and negative because reduced density in the reflector leads to poorer 
neutron moderation in the fixed D20 volume, and also to higher net leakage of 
neutrons from the vessel. 

These temperature coefficients have been calculated by multigroup computer 
methods (4.29) to be 

Source 

Fuel 

Core D2o 
Reflector D2o 

Uniform Coefficient 
(%k/°C) 

-0.52xlo- 3 

-6.7x10- 3 

-17.2xlo- 3 
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The uniform core void coefficient was also found from multigroup computer 
calculations. It is -3.53xlo-4 o/ok/cm3 void. The temperature and void coeffi
cients are negative everywhere in the core and reflector. The temperature 
coefficients of reactivity will be measured more accurately during the startup 
period, as discussed in Section 12. The uniform temperature coefficient of 
all components together will be found at low power by supplying non-nuclear 
heat. It is hoped that studies at higher power will allow a separation of the 
individual coefficients to be made. 

The core temperature and void coefficients of the HFBR are comparable in 
size to those of other enriched uranium fueled reactors, in spite of the unusual 
feature of external neutron moderation. The large negative reflector tempera
ture coefficient is an added feature of the HFBR. 

4.6.10 XENON TRANSIENTS. The high power density in the HFBR leads to 
large xenon transients after shutdown. Figure 4.27 shows the expected transient 
reactivity loss caused by xenon buildup and decay following shutdown from steady 
operation at power levels ranging from 10 MW to 40 MW. The maximum reactivity 
held by xenon after shutdown from 40 MW is about 30 %k, about 10 hours after 
shutdown. The xenon transient analysis has been made by analog computer 
methods. 

The time available for restarting the reactor after an unintentional shut
down will depend on the excess reactivity available by rod motion, and this in 
turn will depend on the time in the burnup cycle when the shutdown occurs. 
During the latter part of the cycle, it will not be possible to reverse a 
xenon transient that has begun because of shutdown from steady 40 MW operation. 
When restarting is desired and the transient cannot be reversed, it will be 
necessary to wait between 40 and 50 hours. Late in the cycle, it may be most 
convenient to consider fuel burnup to have progressed enough to justify partial 
core reloading in the normal manner. 

4.6.11 INHERENT TRANSIENT RESPONSE OF THE REACTOR. Experiments have 
shown that in spite of the feature of external neutron moderation, the reactor 
has a conventional zero power transfer function. The measured neutron lifetime 
as found from transfer function measurements and from pulsed neutron studies 
is 672 µsec, which is in the range to be expected of heavy water reactors. It 
is concluded that the transient response to reactivity changes will follow the 
usual pattern for highly enriched uranium, o2o moderated reactors. It should 
also be noted that the core is small compared to the slowing down length and 
diffusion length of o2o. This assures that the power distribution will be 
rigid against spacial instabilities. 

The expected transient behavior of the HFBR has been calculated in a 
number of levels of approximation (4.32). The physical models used have been 
reasonably successful in accounting for the details of transients with the light 
water moderated SPERT-III reactor. It is hoped that before HFBR startup there 
will be some appropriate transients of the heavy water moderated SPERT-II, with 
high velocity coolant flow through the core. While the power transient calcu
lations for the HFBR are believed reliable, the conclusions which we draw as 
to the degree of damage to the core are thought to be quite pessimistic. The 
SPERT-II transients could shed light on this matter. 

The models used analyze the time dependence of transient behavior on 
purely causal grounds. Heat generated in the fuel is distributed between fuel 
and water by film heat conduction. Transport of o2o through the core is taken 
into account. Feedback reactivity is supplied by heating of the fuel, the core 
o2o and the reflector o2o, with the amount established by the heat and power 
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equations and the space weighted reactivity coefficients. When the film temper
ature exceeds the boiling point of o2o, steam is produced according to an 
empirical description which has been found reasonably good in predicting the 
reactivity feedback from voids in SPERT reactors. 

The degree of complexity needed in analyzing the transient behavior depends 
on the rate of change of reactor power. When the power does not change by large 
amounts in the time required for coolant o2o to traverse the core (about fifty 
milliseconds) the core parameters can be lumped. When the transient is faster, 
a three-dimensional model for heat transfer, heat transport, and buildup of 
reactivity compensation is needed. The calculations that have been done, 
therefore, range from simple analog computer studies that treat the reactor as 
a point, to IBM-7094 code calculations that treat the thermal and reactivity 
feedback problems in three dimensions in computing the time behavior of heat 
transfer, heat transport, and reactor power. The lumped parameters appropriate 
to the analog calculations were found by fitting the response in typical cases 
to digital computer calculated transients. 

A set of survey calculations has established the effects of reactivity 
compensation alone in modifying the transient behavior of the reactor. Figures 
4.28, 4.29, and 4.30 show typical calculated transients, assumed to be initiated 
from full power (this initial condition leads to the most severe results), with 
no safety rod action. 

As discussed in Section 4.6.3, the power distribution in the core changes 
over the period of fuel burnup. The effect on the power history of transients 
is small, but there is an appreciable change in the fuel temperature at the hot 
spot, because of the altered uranium density. Each figure giving the results 
of step reactivity inputs shows the maximum fuel temperature, calculated for 
transients at the beginning of core life and also just after reloading in 
equilibrium fuel cycling. In the calculation of these temperature histories, 
all hot spot and hot channel factors were applied, and the possibility of burn
out was neglected. 

The amount of fuel damage from severe power transients cannot be predicted 
reliably, because little is known about transient burnout. The various SPERT 
plate-fueled reactors have all withstood excursions of several dollars without 
appreciable damage to the fuel elements. However, no SPERT assemblies have had 
the combination of long neutron lifetime and high coolant velocity that is 
characteristic of the HFBR. As the calculated transient histories show (c.f., 
Figures 4.28-4.30), the reactor power would change relatively slowly after a 
step reactivity input. This suggests that burnout might be likely in HFBR at 
transient power levels that SPERT assemblies studied so far could tolerate 
without damage. 

The conservative view has, therefore, been taken that fuel damage might be 
expected at transient powers and temperatures which, if maintained, would lead 
to statistically significant probability of fuel plate burnout. The results 
of this view can be illustrated by referring to the previously mentioned calcu
lations of transients caused by step reactivity inputs and not ended by rod 
insertion. At each time in the calculations, the instantaneous temperatures 
and heat fluxes were used to estimate the burnout ratio according to the Bernath 
correlation. The burnout ratio became equal to unity in the hot channels at the 
times and power levels indicated in the table below. Because of the sharp power 
peaking of HFBR, burnout in these tra~sients would be highly localized in the 
hot channels at the core edges. The amount of fuel melted, according to the 
conservative view adopted, would be small. The reactivity step needed to 
produce widespread fuel damage in the absence of safety rod action would be much 
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greater, in the neighborhood of two dollars. 

New Core Equilibrium Core 
Reactivity Step Time Power Time Power 

(dollars) (sec) (MW) (sec) (MW) 

a.so 12.5 84.6 

0.75 0.20 91.6 0.25 97.5 

1.00 0.13 101.6 0.15 108.2 

The same features that might make burnout likely in an uncontrolled tran
sient act to reduce pressure buildup. SPERT experience has shown that transient 
pressures become sizable only at reactor periods of a few milliseconds, with 
violent steam production. The long neutron lifetime and the rapid removal of 
heat by the coolant in the HFBR imply that transient pressures could not be 
substantial unless very large step inputs of reactivity caused uncontrolled 
transients. Apart from the need to assume complete failure of the safety system 
if these transients are to be visualized, there is no credible mechanism for 
rapidly injecting reactivity of the amount needed to reach these short periods. 

The transient characteristics that the study of the HFBR has established 
can be summarized as follows. The kinetic response is described by the usual 
time-dependent reactor theory, with reactivity feedback coefficients from core 
temperature and voids being approximately the same as those of other light or 
heavy water moderated research reactors. In addition, HFBR has a large negative 
delayed reflector coefficient which acts to stabilize the tail of the tran
sients. A conservative view implies that uncontrolled transients from step 
reactivity inputs of between fifty cents and one dollar could cause localized 
fuel melting in the hot channels; this view may be relaxed if suitable SPERT-II 
transients show no damage. 

4.6.12 EFFECTS OF H20 CONTAMINATION. Replacing all of the D20 in the 
reactor vessel with H20 would cause a substantial reactivity increase. Critical 
experiments have shown that the reflector control blades are not effective 
enough to hold the reactor subcritical if light water is used as the coolant 
and reflector material. 

Increasing the H2o contamination causes the reactivity to change in two 
ways. There is a decrease in reactivity from poisoning the reflector, and 
there is a reactivity increase from improving the neutron moderation within the 
fueled region. The balance of effects can be seen in Figure 4.31, which shows 
the calculated variation of keff with light water concentration when all rods 
are withdrawn. At low concentrations, the dominant effect of light water is to 
reduce the reactivity through hydrogen capture in the reflector. As the H2o 
fraction is increased, the improved in-core moderation of neutrons becomes more 
pronounced, until at about 5% H20 content in the coolant the reactivity effects 
balance. Past this point, the effect of light water addition is to increase 
the reactivity gain over the pure n2o configuration (4.33). 

Inserting the safety rods may itself be considered as poisoning the 
reflector and reducing its importance. Thus the reflector poisoning effect of 
light water contamination is reduced when safety rods are inserted. In this 
case, increasing the light water fraction causes a monotonic increase in 
reactivity, with the maximum value at 100 % light water. 

A critical experiment designed to indicate the amount by which the light 
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water moderated and reflected reactor might be supercritical with all safety 
rod blades inserted gave results in approximate agreement with the calculations. 
Extrapolation based on the increase in multiplication with water addition 
indicated that the core would have been critical when the water height had 
approximately reached the core midplane. A repetition of the experiment with 
copper poison plates distributed among the fuel indicated that with full light 
water moderator and reflector the reactor would have been supercritical by 
7 o/ok with all safety rods inserted (4.34). 

4.6.13 DISSOLVED HELIUM REACTIVITY EFFECTS. The reactor primary system 
is pressurized by helium gas in the expansion volume at the top of the reactor 
vessel. Normal operating gas pressure is 200 psig. The gas is in contact with 
heavy water on the inlet side of the core, at a normal operating temperature 
of 120°F. Over the operating temperature range of the system, the solubility 
of helium in heavy water increases with temperature and pressure (4.35). As 
the cooling water passes through the core the helium solubility increases due 
to the bulk water temperature rise and decreases due to the pressure loss. The 
maximum reactivity effect from the precipitation of gaseous helium will occur 
at very low power levels, where the bulk temperature rise is essentially zero. 
If we assume no water temperature rise, take the core pressure drop at the full 
flow value, and assume that the inlet water is saturated with helium at 120°F 
and 200 psig, then the maximum possible helium precipitation leads to a void 
volume fraction of 1.37xlo-3 in the heavy water. The reactivity effect of the 
distributed gas void is more severe in the reflector than in the core. The 
reflector uniform void reactivity is 0.050 o/ok and the core uniform void reactiv
ity is 0.022 %k, for a total effect of 0.072 o/ok (4.36). 

The reactivity held by helium voids at full power is somewhat less than 
that given above because of the increased solubility at higher water tempera
tures. Because of the increase in water temperature with power, the power reac
tivity coefficient for the helium effect will be positive. The power coefficient 
is small, since the maximum possible change in reactivity is only 0.072 %k, or 
9 cents, with the suppression of all void formation by temperature rise alone. 

The reactivity effects introduced by helium bubbles will be smaller than 
the numbers quoted above because of the short cycle time for coolant flow 
through the primary system. Experiments done elsewhere indicate that the 
characteristic time for bubble growth is comparable to the passage time for the 
HFBR coolant from core inlet to the main pumps (where the pressure is increased 
and bubbles will redissolve). Further, the characteristic time for bubble 
growth is long compared to the passage time of the coolant through the core. 
These points indicate that the bubble void fraction to be expected in the core 
is much less than that assumed above, and that the void fraction in the 
reflector will also be less than that assumed, although by a smaller factor. 

Since the precipitated helium in the coolant water will be distributed 
among many thousands of small bubbles, the fluctuation in void reactivity will 
be very much smaller than the total effect. A conservative estimate of the 
root mean square fluctuation in helium void reactivity, based on the maximum 
total effect numbers given above, is about 2x10-4 o/ok (4.36). The actual 
fluctuation is expected to be much smaller. 

4.7 THERMAL AND HYDRAULIC DESIGN 

4.7.1 CORE THERMAL DESIGN BASIS. The following criteria were involved in 
establishing the thermal design: (l) operate the reactor at the maximum 
permissible power density so that the maximum neutron flux is produced, and 
(2) avoid the need to develop advanced fuel elements by adopting the MTR-ETR 
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plate-type element design. 

These criteria are satisfied at a total power level of 40 MW and a coolant 
velocity in the channels of the fuel elements of 35 ft/sec. A hot spot analysis 
was performed to determine the maximum surface temperature in the core and thus 
establish the system pressure required to suppress local boiling. In this hot 
spot analysis the conventional approach was taken of superimposing all the hot 
channel factors at one point or channel in the core. Table 4.7-1 gives a 
summary list of HFBR thermal characteristics. 

Table 4.7-1 HFBR Thermal Characteristics 

Reactor power, MW fission 

Average power density, MW/liter 

Peak power density, MW/liter: 
Fresh-fuel core, nominal 
Fresh-fuel core, with heat flux factor 
Equilibrium core, nominal 
Equilibrium core, with heat flux factor 

Average convective heat flux, Btu/hr-ft2 : 

Peak convective heat flux, Btu/hr-ft2 : 
Fresh-fuel core, nominal 
Fresh-fuel core, with heat flux factor 
Equilibrium core, nominal 
Equilibrium core, with heat flux factor 

Over-all peak to average power density ratio: 
Fresh-fuel core 
Equilibrium core 

Hot channel factors: 
Bulk water factor 
Heat flux factor 
Heat transfer coefficient factor 

Maximum fuel plate-water interface temperature, °F: 
Fresh-fuel core 
Equilibrium core 

Saturation temperature at hot spot, °F 

Minimum burnout ratio: 
Fresh-fuel core, max. operating condition 
Fresh-fuel core, slow power increase 
Equilibrium core, max. operating condition 
Equilibrium core, slow power increase 

*increases to 1.51 at ends of fuel alloy (dog-bone) 

4.7.2 COOLANT FLOW CHARACTERISTICS 

40 

0.453 

1.56 
1.98 
1.44 
1.83 

3.93xl05 

l.26xl06 
l.60x106 

l.17xl06 
l.48xlo6 

3.44 
3.18 

1.35 
1.27* 
1.38 

359 
344 

376 

2.46 
2.01 
2.76 
2.27 

4.7.2.l Reactor Vessel Flow Rates. The fuel element flow rates are calcu
lated in a straightforward manner from the known flow areas and specified 
average channel velocity. The bypass flow is a result of flow paths in parallel 
with the core and the pressure drop across these flow paths is essentially equal 
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to the core pressure drop (31,0 psi). The bypass flow rates at this pressure 
drop are determined by calculation or by measurements performed on mockups 
(4.37 and 4.38). A summary of the vessel flow rates and flow areas is given 

below in Table 4.7-2. 

Table 4.7-2 Flow Areas and Flow Rates 

Flow areas, in.2: 
One element 
28 elements (total core) 
Average channel 
Channel 1 or 18 (hot channel) 

Equivalent diameters, in.: 
Average channel 
Channel 1 or 18 

Fuel element flow rates (at 35 ft/sec), gpm: 
One element 
28 elements 

Bypass flow rates, gpm: 
Between fuel elements 
Control rod cooling, main rods (8) 

, auxiliary rods (8) 
Control rod bypass (16) 
In-core facility (2) 
Core-edge facility (2) 

Total reactor vessel flow rate, gpm 

4.7039 
131.7 

0.2613 
0.3139 

0.2035 
0.2424 

513 
14,370 

150 
380 
640 
960 
60 
40 

16,600 

4.7.2.2 Velocity Distribution. Experiments have been done to determine 
the velocity distribution in the HFBR fuel element. Measurements were made 
with a 1/16-in. O.D. pitot static type probe inserted into the channel from the 
bottom. Data were taken only at the center of each channel because reliable 
measurements could not be made close to the narrow sides of the channel. Listed 
in Table 4.7-3 are the relative velocities at the center of each channel. 

4.7.3 HOT SPOT TEMPERATURE CALCULATION. Examination of the results of 
power distribution measurements in the HFBR critical experiments and of the 
flow distribution measurements in a test element indicates that the highest 
metal surface temperatures in the core will be in the fuel plate adjacent to 
the reflector in fuel element position C-5 (and by symmetry, C-6, C-12, and 
C-13). The element numbering code for the core is shown in Figure 4.32. The 
hot channel will be channel 1 or 18 depending upon the orientation of the 
element (see Figure 4.1). The calculational methods used to obtain the hot spot 
temperature are given in the following sections. 

4.7.3.l Average Coolant Temperature Rise. The average temperature rise 
of the cooling water in the fuel elements is calculated as follows: 
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where 

a conversion factor, 4.25xl05 Btu-gal/MW-ft3-min 
fraction of fission energy appearing as the thermal energy in the 
coolant, 0.95 (Section 4.7.5) 
total fission power, 40 MW 
total volumetric flow rate through fuel elements, 14,370 gpm 
average water density, 68.3 lb/ft3 
specific heat, 1.0 Btu/lb-°F 

With the numberical values, the average cooling water temperature rise in the 
fuel elements is 16.5°F. 

Table 4.7-3 Relative Coolant Velocity in Channels of the HFBR Element 

Channel 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

Channel Width, in. 

0.129 
0.116 
0.108 
0.102 

0.108 
0.116 
0.129 

Relative Velocity 

1.05 
1.03 
1.00 
0.98 
0.98 
1.00 
1.00 
1.01 
0.98 
0.99 
0.98 
0.99 
0.98 
0.98 
1.00 
1.00 
1.01 
1.04 

4.7.3.2 Coolant Temperature Rise in Hot Channel. In this analysis the 
peak power densities in the hot channel are used and mixing of the coolant 
across the width of the channel is assumed negligible. The coolant temperature 
rise to axial position z in the hot channel is calculated as follows: 

where 

L 
w 

hot channel factor for bulk rise, 1.35 (Section 4.7.4) 
axial distance measured from top of fuel section, in. 
normalized peak power density at position z in the hot channel, 
average of peak density in the two fuel plates adjoining the 
hot channel, Figures 4.33 and 4.34 
length of fuel alloy, 20.75 in. 
nominal mass flow rate in channel 1 or 18 relative to the flow 
rate in the average channel, 1.25 
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Note that the coordinate "z" in the thermal analysis runs from zero at the 
top of the fuel to 20.75 in. at the bottom of the fuel. The power density 
curves shown in Figures 4.33 and 4.34 are symmetrical about the horizontal mid
plane of the core, and are given in terms of the distance from the midplane. 
The curves F(z) in Figures 4.33 and 4.34 are the same as those in Figure 4.22. 
for the equilibrium core and the freshly-fueled core, both at startup. The 
curves F(z) give the normalized power density averaged between the two fuel 
plates which contribute energy to the hot channel. Both sets of curves, F(z) 
and F(z), refer to the "hot corner" of the hot channel, and no credit is taken 
for the decrease in power generation across the width of the hot channel. The 
magnitude of this decrease may be seen in Figures 4.19 and 4.20: it is roughly 
a factor of 2. Any mixing which occurs in the coolant stream across the width 
of the hot channel will decrease the bulk water temperature rise as calculated 
above. Since it is difficult to assess the degree of mixing, we choose the 
conservative approach and assume the mixing to be negligible. 

The bulk water temperature is shown in the lower curves of Figures 4.35 
and 4.36 for equilibrium and freshly-fueled cores. In these graphs the inlet 
water temperature is taken at 125°F, to account for a maximum temperature 
measurement error of 5°F (see Section 4.7.4.8). The bulk water temperature 
rise at a position z in the channel may be obtained from Figures 4.35 and 4.36 
by subtracting the 125°F inlet condition from the value given for distance z. 
For the equilibrium core the total hot channel, hot corner bulk rise is 48°F, 
and the rise to the core midplane is 24°F. For the freshly-fueled core the 
corresponding values are 52°F and 26°F. 

4.7.3.3 Heat Flux. The maximum heat flux at position z in the hot 
plate is 

Where 

cp (z) 
2 

, Btu/hr-ft 

a conversion factor, 3.412xl06 Btu/hr-MW 
normalized peak power density at position z in the hot plate, 
Figures 4.33 and 4.34 
reactor fission power, 40 MW 
hot channel heat flux factor (see Section 4.7.4) 
fraction of fission energy deposited directly at the site of 
fission, 0.853 (Section 4.7.5) 
heat flux at the hot spot due to gamma ray energy deposition in 
metal, 3.7xl04 Btu/hr-ft 2 at 40 MW (Section 4.7.5) 
total heat transfer area in core based on fuel width, 327 ft2 

The maximum heat flux is of particular interest at two locations in the 
hot fuel plate and for both equilibrium and freshly-fueled cores. The two 
locations are both at the "hot corner", the first at the midplane of the core, 
where the power density is a maximum, and the second at the top or bottom of 
the core, where a local thickening of the fuel alloy (known as "dogboning") 
gives a maximum hot channel heat flux factor. The heat flux factor, Fq, is 1.27 
for the midplane location and 1.51 for the dogbone area (see Section 4.7.4). 
The normalized peak power density values, F(z), are 3.18 and 2.38 for the 
equilibrium core at center and dogbone, respectively. The corresponding values 
for the fresh-fuel core are 3.44 and 2.72. With these numerical values the 
maximum fluxes are as given in Table 4.7-4. The end of cycle heat fluxes have 
been added to Table 4.7-4 for comparison. The nominal heat fluxes at the 
core midplane or top or bottom may be obtained from Table 4.7-4 by dividing by 
the heat flux hot channel factors; 1.27 for the midplane and 1.51 for the top 
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or bottom of the core. 

Table 4.7-4 Heat Fluxes at the Hot Corner of the Hot Fuel Plate 

Start of cycle: 
Core midplane 
Core top or bottom, at dogbone 

End of cycle: 
Core midplane 
Core top or bottom, at dogbone 

Equilibrium Core 
(Btu/hr-ft2) 

l.48xl06 
l.32xl06 

l.05x106 
l.09xl06 

Fresh-Fuel Core 
(Btu/hr-ft2) 

l.60xl06 
1.5lxl06 

l.20xl06 
l.25xl06 

4.7.3.4 Heat Transfer Coefficient. The heat transfer coefficient is 
calculated by the modified Colburn correlation (4.39): 

0.023 [~] 
0.8 

f [¥] 
0.3 

f 

where 

h = heat transfer coefficient, Btu/hr-ft2-0 p 
De equivalent diameter, 0.0202 ft for channels 1 and 18 
k thermal conductivity of coolant, Btu/hr-ft-°F, Figure 5.6 
V coolant velocity, l.3xlo5 ft/hr for channels 1 and 18 
p coolant density, lb/ft3, Figure 5.4 
µ coolant viscosity, lb/ft-hr, Figure 5.6 
Cp specific heat, Btu/lb-°F, Figure 5.5 

The subscript f means that the properties are evaluated at the film temper
ature. The film temperature is taken to be the average of the heat transfer 
surface temperature and the bulk water temperature. Figure 4.37 gives the heat 
transfer coefficient in the hot channel as a function of the film temperature. 

4.7.3.5 Film Temperature Rise. The temperature difference between the 
fuel plate surface and the bulk water in the hot channel is given by 

where 

cp (z) 

Fh 
h 

' Op 

heat flux, Section 4.7.3.3 
hot channel heat transfer coefficient factor, 1.38 (Section 4.7.4) 
heat transfer coefficient, calculated from the modified Colburn 
correlation, Figure 4.37 

Since the heat transfer coefficient is itself a function of the film 
temperature rise, the calculation of this term is an iterative process. Values 
of the film temperature rise, or "film drop" are given in Table 4.7-5 for 
several positions of interest in the hot channel. 
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Table 4.7-5 Hot Channel Film Temperature Drops {Start of Cycle) 

Equilibrium Fresh-fuel 
Core Core 

Core top, without dogbone 160°F 169°F 

Core top, 25% dog bone 182 196 

Core center 186 198 

Core bottom, without dogbone 143 150 

Core bottom, 25% dogbone 171 182 

4.7.3.6 Fuel Plate Surface Temperature In Hot Channel. The fuel plate 
surface temperature in the hot channel is calculated as follows: 

where 

nominal bulk inlet coolant temperature, 120°F 

allowance for temperature measurement error, 5°F 

bulk water temperature rise, Section 4.7.3.2 

film temperature rise, Section 4.7.3.5 

The calculated hot channel temperatures are shown in Figure 4.36 for the 
first fuel cycle and in Figure 4.35 for the equilibium fuel cycle. The maximum 
fuel surface temperature occurs at the lower end of the fuel plate, at the 
dogbone, and is 359°F for the first cycle case and 344°F for the equilibrium 
cycle case. Both of these temperatures are below the saturation temperature 
of 376°F at that point so that no local boiling will occur. 

4.7.4 HOT CHANNEL FACTORS. For conservative design, it is necessary to 
anticipate uncertainties in operating conditions, fuel element fabrication, 
design relations, etc. These uncertainties are expressed in terms of the hot 
channel factors which are elaborated below. 

4.7.4.1 Power Density variation. Power density distributions were 
measured in critical experiments on a mockup of the HFBR core. The estimated 
uncertainty in the power distribution is ± 10%. The bulk {Fb) and heat flux 
(Fq) terms are increased by 1.10 to account for the uncertainty. 

4.7.4.2 Reactor Power Measurement. It is estimated that the power 
calculator will be capable of measuring the reactor power to within 5%. The 
bulk and heat flux terms are increased.by 1.05. 

4.7.4.3 Channel Dimensional Tolerance. The hot spot temperature rise due 
to the channel dimensional tolerance will occur in a channel of minimum average 
dimensions where the local dimension is maximum. If we ignore entrance and 
exit effects and consider only friction within the channel, the hot channel 
factors are calculated as follows (4.40): 
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( ) 
5./3 

Fb : :~: 
F S ( : ::: } ( : :~: ) 1/3 

d channel thickness 
nom refers to nominal value 
min refers to minimum value 
max refers to maximum local value in channel of minimum average 

dimension 

The channel thickness of channel 1 or 18 is 0.129 in. with a maximum tolerance 
of± 0.005 in. These dimensions yield values of 1.066 for the bulk term and 
1.09 for the heat transfer coefficient term. 

4.7.4.4 Velocity Distribution Measurement Error. The precision of the 
velocity distribution measurements was ± 4%. Since velocity is proportional to 
the square root of the measured quantity (velocity head) the uncertainty in 
velocity is ± 2%. This increases the bulk term by 1.02 and the heat transfer 
coefficient term by 1.016. 

4.7.4.5 Velocity Variation Within A Channel. The channel coolant velocity 
of concern is the velocity at a distance of 0.075 in. from the sides of each 
channel. The 0.075 in. dimension is the minimum distance between the fuel edge 
and the element side plate. Further, the power density peaks at the fuel edge, 
so that this location is the "hot corner" referred to above. Because of the 
difficulty experienced in measuring the velocity at the sides of the channels 
in the HFBR element tests, the velocity distribution data reported (4.41) for a 
modified ETR element with unequal plate spacing is used as a guide. The 
velocity at a distance of 0.075 in. from the side of each ETR channel was not 
less than 0.95 of the average velocity in that channel. The velocity variation 
increases the bulk term by 1.05 and the heat transfer coefficient term by 1.04. 

4.7.4.6 Fuel Core Alloy Variation. The total fuel content of each fully 
loaded (thin) fuel plate is 15.2 ± 0.3 gm U-235. The half-loaded end plates 
have a U-235 content of 7.6 ± 0.2 gm. The allowable variation then is 2% for 
the thin plate and 2.6% for the end plate. The bulk term is accordingly 
increased by 1.026 to account for variations in the total energy generation in 
a fuel plate due to U-235 loading. 

Local variations in fuel loading are limited to ± 5% by the specification 
of fuel alloy final thickness at 0.020 ± 0.001 in. The thickness specification 
can be met without great difficulty by the fuel fabricator except at the ends 
of the plate. Here the fuel alloy develops a local thickened region in the 
rolling process. The thickened section is generally of short length, two to 
four times the nominal meat thickness. It is called the "dogbone". The fuel 
specifications for HFBR elements limit the total dogbone thickness to 0.022 in. 
for standard plates and 0.011 in. for end plates, or 10% over nominal, and 
production tests are currently in process on this basis. The dogbone thickness 
is a s~nsitive item in the hot spot analysis, however, and it has seemed 
prudent to base this analysis on a less optimistic estimate of the fabricator's 
skill. We have, therefore, assumed a dogbone region maximum thickness of 25% 
above the nominal meat thickness for all plates. 

The fuel alloy thickness variation is combined with the dimensional 
tolerances on width and length (hence heat transfer area). The allowable vari
ation in the core heat transfer area is ± 4.6%. Thus, the heat flux term is 
increased by 1.10 (l.05xl.046) everywhere except at the ends of fuel where it 
is increased by 1.31 (l.25xl.046). 
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4.7.4.7 Heat Transfer Coefficient Deviation. The Phillips Reactor 
Safeguard Committee recommends the use of the modified Colburn correlation with 
a maximum negative deviation of 20% (4.39). The deviation results in increasing 
the heat transfer coefficient term by 1.20. 

4.7.4.8 Reactor Pressure and Inlet Water Temperature Measurement. An 
uncertainty exists in the measurement and control of reactor pressure and inlet 
water temperature. To account for these uncertainties 5°F is added to the bulk 
water inlet temperature and 5 psi is subtracted from the nominal system 
pressure. 

4.7.4.9 Summary Table of Hot Channel Factors. The hot channel factors 
are tabulated in Table 4.7-6. 

Table 4.7-6 Hot Channel Factors 

Bulk Factors, Fb 

Power density measurement error 
Reactor power measurement error 
Channel dimensional tolerance 
Velocity distribution measurement error 
Velocity variation within a channel 
Fuel core alloy variation 

Total, Fb 

Inlet water temperature measurement error 
Pressure measurement error 

Heat Flux Factors, F9 

Power density measurement error 
Reactor power measurement error 
Fuel core alloy variation 

*Value at dogbone 
Total, Fq 

Heat Transfer Coefficient Factors, Fh 

Channel dimensional tolerance 
Velocity distribution measurement error 
Velocity variation within a channel 
Correlation equation 

Total, Fh 

1.10 
1.05 
1.066 
1.02 
1.05 
1.026 

1.35 

+5°F 
-5 psi 

1.10 
1.05 
1.10 (1.31) * 

1.27 (1.51)* 

1.09 
1.016 
1.04 
1.20 

1.38 

4.7.5 POWER DENSITY FACTORS. Table 4.7-7 gives the distribution of the 
energy of fission which is used to determine the power density factors (4.42). 
Except for the neutrino energy, essentially all of the energy ultimately 
appears in the reactor cooling water. Thus, Fe• the fraction of fission energy 
appearing as thermal energy in the coolant is calculated as 

F 
c 

204-10 = 0.95 
204 

In calculating the temperature drop from the fuel plate surface to the 
bulk water one is concerned only with the energy transferred to the coolant 
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by convection. This energy is the sum of the fission fragment and beta decay 
energies and some fraction of the gamma ray and fast neutron energies. Fa, the 
fraction of fission energy which is deposited directly at the fission site is 
calculated as 

174 
204 

0.853 

The distribution of gamma ray and fast neutron energies deposited in the 
core metal is not the same as the fission energy distribution. The gamma ray 
contribution is determined from gamma heating measurement made on the HFBR 
critical assembly, and therefore includes both the fission gamma rays listed 
above and the capture gamma rays. The gamma heat~ng rate at the edge of the 
core (the hot spot location) is 3.2xl06 Btu/hr-ft (4.25) at a 40 MW power level. 
Since the hot spot is on the inside surface of the 0.140-in. thick end plate 
the heat flux due to gamma capture is 

3.2 x 206 x 0 -~~o = 3.7 x 104 Btu/hr-ft2 

In this calculation heat transfer to the reflector water from the thick end 
plate is neglected. The fraction of fast neutron kinetic energy deposited in 
core metal is estimated to be 5%. This represents a negligible fraction of 
the total fission energy and is neglected. 

Table 4.7-7 Table of Energy Distribution in U-235 Fission 

Energy deposited at the site of fission (fission 
fragment kinetic energy and beta decay energy) 

Total gamma ray energy 

Fast neutron kinetic energy 

Neutrino energy 

Total 

174 Mev 

15 

5 

10 

204 

4.7.6 CLADDING AND FUEL TEMPERATURE. The formation of a layer of 
boehmite (aA1 2o3 ·H20) on the fuel plate cladding will increase the temperature 
of the cladding and fuel. The rate of formation of the oxide layer was 
measured by Griess, et al. (4.5) under conditions similar to those in the HFBR 
core and was found to be a function of the temperature of the oxide-water 
interface (see Section 4.2.7). The oxide layer thickness was found to be given 
by the following equation: 

where 

x 443(t) •778 exp (-4600/T) , mils 

X oxide layer thickness in mils (1 mil = 0.001 in.) 
t exposure time, hours 
T oxide-water interface temperature, °K 

The maximum interface temperature in the HFBR core is found at the hot 
corner of the hot channel, for the startup power distribution in a freshly
fueled core. This temperature is 359°F, with all hot channel factors at 
"worst" values. As the cycle goes on, the temperature at this hot spot 
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decreases. The heat flux decreases from l.5lxlo6 Btu/hr-ft2 at the beginning 
to l.25xl06 Btu/hr-ft2 at the end of the fresh-fuel cycle (19 days). The hot 
spot temperature is 325°F at the end of the cycle. Taking an effective average 
hot spot temperature for the 19 days of 350°F, and using the oxide thickness 
equation above, the oxide thickness at the end of the cycle is 0.0019 in. With 
a thermal conductivity of 1.3 Btu/hr-ft-°F for the oxide (4.5 and 4.43), the 
oxide temperature drop is 152°F and the metal temperature is 477°F at maximum 
accumulation. 

The high temperature region is small since the power peaking at the hot 
spot is quite sharp. Further, the maximum metal surface temperature of 477°F · 
requires that all possible variations in element dimensions, flow conditions, 
and fuel alloy distribution be at the worst values for a fresh-fuel loading. 
The fresh-fuel loading itself is a rare condition, occurring perhaps once every 
year to two years, so that the full combination of circumstances may never 
occur in the life of the reactor. 

The calculation of oxide buildup and metal temperatures for the equilibrium 
core case involves consideration of 19 days operation with the fuel element in 
a core interior position followed by 19 days in an exterior position. The hot 
spot, with maximum oxide buildup, is again at the lower dogbone in the outer 
plate. The element position is at C-18 for the first 19 days and at C-5 for 
the second 19 days (see Figure 4.32). All hot channel factors are applied to 
both positions. In the C-18 position the hot spot average heat flux is 0.8ox106 
Btu/hr-ft2 and the average oxide-water interface temperature is 260°F. The 
oxide accumulation in 19 days is 0.0005 in. Moving to position C-5, the hot· 
spot heat fluxes at the beginning and end of the cycle are l.32xl06 and 
l.09xl06 Btu/hr-ft2. The oxide-water interface temperatures are 344°F and 
300°F (beginning and end of cycle). An effective average interface temperature 
of 333°F gives an oxide accumulation of 0.0015 in. The total oxide thickness 
is then 0.0020 in., and the end of life oxide temperature drop is 140°F. The 
corresponding metal surface temperature is 440°F. As noted above for the 
fresh-fuel case, the high temperature region is small in size and the maximum 
temperature occurs only when all hot channel parameters combine in the worst 
condition. 

4.7.7 STEADY STATE BURNOUT ANALYSIS. A survey of existing methods of 
burnout prediction in subcooled liquids reveals that a correlation developed 
by Mirshak, Durant and Towell (4.44) is based on data which comes closest to 
matching the proposed operating conditions of the HFBR. Listed in Table 4.7-8 
is a comparison of the range of variables covered in the experimental work with 
the HFBR conditions. 

Since the pressure and subcooling ranges for the HFBR fall outside the 
range of the Mirshak data, the direct use of the Mirshak correlation for burn
out prediction in HFBR is not indicated. Instead, several more generalized 
burnout formulae are tested against the Mirshak correlation to find the 
generalized equation which, with an appropriate safety factor, is best suited 
for estimating the burnout heat flux under HFBR conditions. 

To date the only correlations which have been tested against a reasonable 
variety of Data and whose ranges include the HFBR operating conditions are 
those of Bernath (4.45), Menegus (4.46), and Gambill (4.47). In testing these 
equations against the Mirshak correlation, the values of subcooling and pressure 
were chosen so as to minimize the subsequent extension to the HFBR conditions. 
The values chosen were 74°c and 85 psia. Table 4.7-9 gives the results of 
this comparison. Safety factors have not been applied to the numbers in the 
table. 
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Table 4.7-8 Comparison of Burnout Variables 

Variables 

Velocity, ft/sec 

Sub cooling, ° C 

Pressure, psia 

Equivalent diameter, in. 

Geometry 

Flow of coolant 

Mirshak* Data 

5-42 

6-74 

25-85 
0.239-0.467 

rectangular 

downward 

*The annular geometry data are not included here. 

Table 4.7-9 Comparison of Burnout Correlations 

HFBR 

36.4 

-100-130 

~190 

0.242 

essentially 
rectangular 

downward 

Correlation Burnout Heat Flux, Btu/hr-ft2 

Mirshak 3.95xl06 

Bernath 4.03x106 

Menegus 3.15x106 

Gambill 4.05xl06 

Since both the Bernath and Gambill correlations predict burnout heat 
fluxes which are reasonably close to the Mirshak value, either one should be 
applicable under HFBR conditions. The Bernath correlation is selected because 
it is somewhat simpler to use. A safety factor of 1.4 is applied to the 
Bernath correlation for use on HFBR burnout conditions. 

The Bernath equation is (without safety factor) 

where 

~o 
T 

w 

~o 
De 

Di 

v 
p 

2 , Btu/hr-ft 

10,890 De/(De+Di) + 48V/De 0 •6 , Btu/hr-ft2-°F 

102.6 ln P - 97.2P/(P+l5) - V/2.22 + 32 , °F 

heat flux at burnout, Btu/hr-ft2 

equivalent diameter, 0.0194 ft 

"heated diameter", the heated perimeter divided by 'Ir, 0.199 ft 

coolant velocity, 33.4 ft/sec 

pressure, 187 psia 

bulk coolant temperature, °F 
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The coolant velocity used here, 33.4 ft/sec, is less than the nominal 
velocity in channels 1 and 18, .36.4 ft/sec, by the channel dimensional tolerance 
and velocity distribution measurement error hot channel factors, 1.066 and 1.02. 
The equivalent diameter of the channel is also reduced from the nominal value, 
0.0202 ft, to cover hot channel variations. With the numerical values given 
above, and with the correlation safety factor of 1.4 applied, the Bernath 
equation, reduces to the simple form 

cpbo 12,860 
2 

, Btu/hr-ft 

The Bernath equation is used to compute the burnout heat fluxes at the 
maximum heat flux operating conditions, i.e., at the beginning of the operating 
cycle for both the equilibrium core and the fresh-fuel core. The results are 
given in Table 4.7-10. Comparison of the burnout heat fluxes in Table 4.7-10 
to the maximum operating heat fluxes in Table 4.7-4 gives the burnout ratios 
listed. 

Table 4.7-10 Burnout Heat Fluxes and Burnout Ratios for 
Start of Cycle Operating Conditions 

b 
THC 'Pho 2 

(° F) (Btu/hr-ft ) 

Equilibrium core: 
4.08xl06 Core midplane 149 

Lower dogbone 173 3. 77xl06 

Fresh-fuel core: 
Core midplane 151 4.05xl06 
Lower dogbone 177 3. 72xl06 

Burnout 
Ratio 

2.76 
2.86 

2.53 
2.46 

The burnout ratios in Table 4.7-10 show the margin between possible burnout 
and the maximum operating conditions at the critical points in the core. The 
burnout ratios do not represent the factor by which the reactor power could be 
increased without burnout, since a power increase raises the bulk water tempera
ture and decreases the burnout heat flux. To obtain the power increase burnout 
ratios we assume a gradual rise in power level with a proportional increase in 
bulk water temperature and heat flux. The core pressure, flow rate, and inlet 
temperature remain constant. For a given location in the core, the ratio of 
heat flux to bulk water temperature rise is independent of power level (but 
not of time during the cycle since the power distribution changes). Calling 
this ratio "K" the heat flux at burnout is given by 

6 
cpbo = (4.385xl0 )/(1+12,860/K) 

2 
, Btu/hr-ft 

Values of K, the burnout heat flux, and the burnout ratio are given in 
Table 4.7-11 for the maximum heat flux location (core midplane) and the maximum 
surface temperature location in the hot channel. The table applies to the 
beginning of the equilibrium cycle and the beginning of the fresh-fuel cycle, 
at which times the power peaking is at a maximum. 

4.7.8 GAMMA HEATING. Critical experiment data (4.25) on the gamma 
heating rates in the reflector, extrapolated to full reactor power, are shown 
in Figure 4.38. The heating rates shown are 1/2 to 2/3 the rates assumed for 
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Table 4.7-11 Burnout Heat Fluxes and Burnout Ratios for a Slow 
Power Rise at the Start of the Operating Cycle 

K ~bo Burnout 

Btu/hr-ft 
2 

Ratio 

Equilibrium core: 
6.17xlo4 3.63xl06 Core midplane 2.45 

Lower dogbone 2.75xl04 2.99xl06 2.27 

Fresh-fuel core: 
Core midplane 6.15xl04 3.63xlo6 2.27 
Lower dogbone 2.90xl04 3.04xl06 2.01 

the design of the reactor vessel (compare Figure 5.22). The heating rates shown 
in Figure 4.38 apply to small samples, or to larger aggregates of materials 
such as aluminum, graphite, or water which have relatively low neutron capture 
cross sections. For large volumes of high cross section material, such as 
stainless steel, the energy generated in the material by neutron capture must 
be added to the data shown in Figure 4.38. The gamma ray energy flux from the 
core is shown in Figure 4.39, as a function of distance from the core-reflector 
boundary. 

4.7.9 FISSION PRODUCT AFTERHEAT. The fission product afterheat rates are 
based on a recent study by Shure (4.48). The total fission product energy 
release rate and the gamma energy release rate are shown in Figure 4.40 for a 
full HFBR core following operation at 40 MW for 38 days. In Figure 4.41 the 
total energy release rate is displayed for a single fuel element exposed for 
38 days in the maximum power location. The total afterheat energy generated 
from reactor shutdown to any given time is shown in Figure 4.42. In addition 
to the fission product decay energy, there is a small shutdown fission rate 
contribution to the total energy generation. The shutdown fission rate amounts 
to only a few percent of the fission product afterheat rate, as is shown in 
Figure 4.42. The magnitude of the shutdown fission rate may be judged from 
Figure 4.43, which shows the fractional neutron population in the reactor as a 
function of the time after shutdown and of the shutdown reactivity margin. 
Figure 4.43 is based on the full fission product inventory (hence the photo
neutron production) for an equilibrium core at the end of the operating cycle. 

4.7.10 PRESSURE DROP IN REACTOR VESSEL. The coolant pressure losses in 
the HFBR core have been calculated from standard formulae and the results 
compared with a measured pressure loss using a test element (4.49). The 
measured pressure loss, corrected for the density difference between light and 
heavy water, is 30.2 psi. The calculated value is 31.0 psi. The calculated 
value (31.0) has been used in the flow analysis as the best conservative 
estimate of the pressure drop across the core at an average channel coolant 
velocity of 35 ft/sec. Additional losses in the remainder of the water circuit 
within the vessel add up to 2.2 psi and give a total frictional pressure loss 
of 33.2 psi from inlet to outlet of the reactor vessel. 

The primary piping and heat exchangers have a total pressure loss of 
17.4 psi~ this, together with the vessel drop and an allowance of 18.4 psi 
across the main throttle valves give a total primary system pressure drop of 
69 psi at the normal flow rate. System pressures are established on the basis 
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of a cover gas pressure of 200 psig, which leads to ample pressurization at the 
core hot spot to suppress local boiling (see Section 5.4.1). 

4.7.11 PRIMARY FLOW COASTDOWN. In normal operation of the reactor plant 
the primary coolant flow is established before the reactor is brought to power. 
Similarly, the full coolant flow is maintained for some time after the reactor 
is shut down. It is necessary to consider, however, those abnormal conditions 
in which a failure of electrical power to the plant causes the main pumps and 
reactor to shut down. The matters to be considered are the coastdown time of 
the primary coolant to the shutdown cooling flow level and whether local or 
bulk boiling occurs during the transient. 

Early calculations indicated that without any additional mechanical 
inertia supplied to the primary system, coastdown to the shutdown flow level, 
800 gpm, would take place in about 14 seconds. Downflow stability tests 
conducted in a single test channel at atmospheric pressure revealed that flow 
instability could occur in the hottest channel up to about 14 seconds after 
reactor shutdown. By adding mechanical inertia in the form of flywheels coupled 
to the main pump motors, the coastdown time to 800 gpm was extended to 45 
seconds and the stability of the downward flow in the hot channel during the 
coastdown was thus assured (4.50). The primary flow coastdown curve is shown 
in Figure 5.10 in Section 5. 

During the first phase of. the coastdown transient, from the time electrical 
power failure occurs until control rods are driven into the core (0.2 seconds), 
the hot spot temperature rises 11°F, from 359°F to 370°F (4.50). In this calcu
lation the freshly-fueled core is treated as though the full end of equilibrium 
cycle fission product inventory was present in the fuel alloy. This is obvi
ously not the case, but the calculation sets an upper limit on the hot spot 
temperature rise. For the equilibrium core, again with the assumption of full 
fission product inventory, the hot spot temperature rises 10°F in the transient, 
from 344°F to 354°F. After the nuclear shutdown the hot spot temperature falls 
rapidly into the range 140-160°F due to the large heat exchange rate in the 
primary coolers while the flow is coasting down. After the system flow rate 
settles down at the 800 gpm shutdown level, the hot spot temperature and the 
primary bulk water temperature rise to post-shutdown maximum values of about 
235°F and 140°F, respectively. The bulk water maximum temperature occurs about 
20 minutes after shutdown. Thereafter both temperatures decrease again as the 
afterheat rate decreases. Since the saturation temperature at the hot spot is 
376°F throughout the transient, no boiling of any kind takes place. 

4.7.12 SHUTDOWN COOLING FLOW. The shutdown cooling flow rate is 800 gpm. 
This flow is provided by either one of two shutdown pumps. The heat is removed 
in a separate heat exchanger (see Section 7.1). The shutdown pumps have three 
sources of electrical power; the normal supply, an emergency power generator 
set driven by a propane engine, and a storage battery bank. One of the shutdown 
pumps is in operation at all times, so that on failure of the main pumps the 
primary coolant flow coasts down only to the 800 gpm shutdown level. 

The downflow of water in a heated test section was examined experimentally 
(4.51) to see if there is any danger of flow instability in the hottest channel 
in the core at the 800 gpm level. The tests show that no such instability 
exists, even if the vessel were accidentally depressurized and near atmospheric 
conditions existed in the core (4.50). 

4.7.13 FLOW REVERSAL AND NATURAL CIRCULATION. In the event of failure of 
all forced flow cooling through the reactor core, the opening of flow reversal 
valves in the transition plate above the core provides a low resistance return 
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path around the core so that natural circulation cooling can be established 
(see Section 7.2). Complete power failure also causes the reactor vessel to 

be depressurized through a vent valve in the helium system. The depressur
ization is done because calculations indicated that the margin to burnout in 
flow reversal and natural circulation is somewhat greater with the resulting 
static head than at full system pressure (4.50). 

Under normal flow conditions the flow reversal valves are maintained 
closed by the pressure drop developed across any one of the main or shutdown 
pumps. The flow reversal valves will open when the pressure drop across the 
core falls below 3 psi (see Section 7.2.2). As the flow rate falls below the 
shutdown level it will reach a value at which the head opposing downflow due 
to thermal buoyancy becomes comparable to friction losses in the core. At this 
point flow reversal will occur. Since the afterheat at this time may be fairly 
large, boiling in the core commences and provides the driving force for reverse 
flow. The reverse flow circuit is completed by water flow through the flow 
reversal valves into the reflector region and back to the bottom of the core. 

During the natural circulation boiling existing after flow reversal, the 
steam generated in the fuel element channels condenses in the water column above 
the core, thereby producing an increase in the temperature of the water in the 
entire reactor vessel. After some time the water temperature increases to 
approximately the atmospheric boiling point and net steam generation occurs. 
Steam rates and makeup water requirements for various natural circulation 
situations are discussed in Section 7.2.5. 

Since little information exists in the literature on flow reversal or on 
natural circulation in channels with a flow restriction in the return leg, a 
series of experiments (4.52) were carried out to determine the feasibility of 
the system. The tests were performed with electrically heated nickel channels 
representing the core, a ball valve and orifice representing the flow reversal 
valves, and auxiliary piping and equipment to simulate other pertinent structure 
in the reactor vessel. The maximum heat flux in the core during flow reversal 
is 25,000 Bt/hr-ft2 , and the adiabatic plate temperature rise is 91°F/sec. The 
flow reversal tests were carried out to a heat flux of 46,700 Btu/hr-ft2 , at an 
adiabatic rise of 96°F/sec, with a slightly smaller channel size (.0156 ft 
equivalent diameter vs •• 0202 for the HFBR hot channel). 

The results of the tests (4.50, 4.52, and 4.53) show that: 

(1) Flow reversal will occur without burnout under the anticipated worst 
conditions, 

(2) The removal of fission product decay heat by the natural circulation 
boiling regime which follows flow reversal can continue for an 
indefinitely long time without burnout, 

(3) If all of the flow reversal valves fail to open on demand, burnout 
will probably occur, and 

(4) The failure of one of the four flow reversal valves will not prevent 
the safe reversal of flow. 

The maximum temperatures which occur during the flow reversal and natural 
circulation cooling occur in the fraction of a second between the onset of the 
failure of forced flow and the shutdown of the reactor. The situation here is 
the same as that discussed in Section 4.7.11, and the hot spot temperatures are 
the same, 370°F for the freshly-fueled core and 354°F for the equilibrium core. 
The hot spot temperatures decrease during the coastdown and flow reversal phases 
to values a few degrees (i.e., 20 to 30°F) above the atmospheric boiling point. 

f 
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4.7.14 CONTROL ROD HEATING. Aside from the fuel elements themselves, the 
highest heating rates in the reactor are encountered in the control rods. The 
control blades are sometimes close to the core in the strong gamma field, and 
in addition capture many neutrons with resulting energy generation. The axial 
variation in the neutron current into a control blade has been measured and the 
results given in Figure 4.12. The poison material used in the high absorption 
rat~ ends of the blades is europium, which yields energetic gamma rays following 
neutron capture. The control blade heating is then due to both the core gamma 
flux and to the gamma flux from neutron absorption in the blade. The partial 
and total heat generation rates are shown in Figure 4.44. 

The heat generated in the blades is transferred to the water flowing in 
the internal channels by forced convection and to the reflector water by natural 
convection. The forced convection cooling is more efficient and most of the 
heat generated in the blade is removed by the internal flow (4.54). 

Cooling water enters the interior of the main blade through an orifice at 
the top of the internal channel. Since the top of the main blade is always 
above the transition plate, while the lower end (and the discharge end of the 
cooling channel) is in the reflector, the cooling water flow is driven by the 
core pressure drop. The orifice at the top of the channel limits the flow to 
about 48 gpm, with a corresponding velocity of 7.9 ft/sec, at normal core pres
sure drop (31 psi). 

Cooling water enters the auxiliary blade follower pipe through slots just 
under the coupling fitting. This portion of the follower is always above the 
transition plate and, as in the main blade, the internal cooling flow is driven 
by the core pressure drop. The cooling water passes through the elbow joint 
and into the auxiliary blade internal channel. Both ends of the channel are 
open, and the cooling flow splits and exits from both ends of the blade. The 
flow rate is about 80 gpm per blade, with velocities of 30 ft/sec in the 
follower pipe, and 6.9 ft/sec upward and 6.2 ft/sec downward in the blade 
channel, (all at normal core pressure drop). 

The maximum heat generation occurs about 1/2 in. from the end of the blade 
(see Figure 4.44). The blade surface temperatures in this region are 231°F on 
the reflector side and 173°F on the cooling channel side. The maximum tempera
ture is at the outside interface between cladding and dispersion, and is 233°F 
(4.54). The blade temperatures decrease with distance from the end, with the 
"hot interface" temperature being about 170°F at 12 in. from the end. 

The maximum total stress which occurs in the blade is 6800 psi, in tension, 
in the cladding material at the maximum heat generation spot. The maximum 
stress in the dispersion is 3500 psi compression, and the maximum dispersion 
tensile stress is 1400 psi (4.55). The blade stresses are all due to the heat
ing, with essentially zero primary mechanical stress. 

The forced convection cooling is not necessary from the standpoint of the 
safe operation of the blades. Should the forced flow be cut off, the heat is 
removed by boiling heat transfer at the outer surface of the blades. The blade 
temperature rises, in this case, to a value 20 to 30°F above the saturation 
temperature, i.e., to about 400°F. The stainless steel frame and cladding and 
the rare earth-stainless steel dispersion are not affected adversely by the 
temperature, and the thermal stresses in the blade are actually lower than in 
normal operation. The boiling heat transfer method of cooling the blades is 
undesirable as a normal operating condition only because of the neutron 
"noise" which results, and not because of any limitations on blade strength, 
effectiveness, or durability at the higher temperature. 
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FUEL ELEMENT 
11 KD 11 

4 - 55 

(17) Inner Fuel Plates, 2134 11 Long, .050 11 Thick. 

Fuel Alloy Core 20 34 11 Long, .020 11 Thick. 
Cladding .015 11 Thick. 

(2) Outer Fuel Plates, 23 11 Long, .140 11 Thick. 
Fuel Alloy Core 2034 11 Long,.010 11 Thick. 
Cladding .050' Minimum. 

.075 Min 

6'i Rad 

Section A-A 

Figure 4.1 HFBR fuel element. All dimension are in inches. 



Transition Plate 

Fast Irradiation 
Thimble Shroud 

Thermal Irradiation Thimble 

Auxiliary Control 

Rod 

Anti Critical 

Grid 

.. .. __ d ----- MI 

I 

I 
Main _[_ontral Rod 

Flow Reversal 

Valve 

I 

ill!ll 

Reactor Vessel 

Woll 

Iype 11 KD 11 Fuel Element 

Rod Guide Structure 

Grid Plate 

Saddle 

Figure 4.2 Elevation of the HFBR core. 



Irradiation Thimble V-14 

0-~-~ 

Type KD Fuel Element 

( 2 8 In Core) 

I z" -- - - - - -9" a 3" 

S_cale 

Figure 4.3 

I 

0 

1 
Gr id 

North 
o I \ \\ " 

0 
/ 

Follower 

Control Rod Blade 

~--0 

V-13 

Cross section of the HFBR core at the rnidplane. 

""' 
U1 
-.J 



4 - 58 

( 81 MAIN RODS 
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FULL-IN POSITION CRITICAL POSITION FULL - OUT POSITION 

Figure 4.4 Control rod blade positions around the core at shutdown (full-in 
position) and during operation. 
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Figure 4.6 Fuel plate detail drawing, HFBR fuel element. 



lllTEllMALllO..lrlDAllYPl.ANESCONSISTOF 
T'Ml sns OF MUTUALY PEllPENOICULAlt •• 

~~ii_~rT':~~:.:~':.~s 
Df.FINETHETOT.\Ll.lllllTOI" lllllEGUt.A111TIH 
P'EllllllUILC DUI!. lO TWIST, IOW, CAMll!ll a 
llllACK1NINl10LEllANCf.SFOllTHEUfTIM:LMlf. 
t.f.NltK. 
••l'f.~NDICUl.AllTOWITHINOOl•f'f.lllNCH 

ENVELOPE SECTION 

:sit ----+-~--------------~! 

'---------------:57~~ t.f.~ 

11 - I UN CU.SS H THREADS, 
Fl.AIHCHllCIC 

I 
4.07M:I': 

L , ~: 
SECTION C· C 

JD YOI. 'lo Dy1 0 1 1N ID4 ITAINt.EIS STt:f.t. 

!OVOL'lo h101 tN304 STAINt.ESS ITU\. 

llOTHSTAINl.ESSITt:[t.CUID 

MAIN ROD BLADE 

C.1111AINDIWYE1· 
lllEtr.l 

2.IHllU 

l 
SECTION B-B 

t~A 

CHAllll''Ht.EAD
f.Det: h•4S• 

OUTLINE WIOTH FllOlll 
NOMINAl.lliEC.A-A,111!·22H·Sf.l 
TOIET"INUST2"0FCOflE. 
ROUND COflNElll ON COllE 
OUTl.1NE AllEPEllMISSet.E. 
•otHf.NDIOl'COllE. 

¥ 

~· OPTIONAi. 

SECTION A-A 

12t• ______ __, 

•llllAClllHEIU"Tt:llAllf.11111.Y 

••4S•CM.t,llll'f.ll 
TTl!FORQITSIDE 
COflNlllS 

ut• 
,,,. I 

11 Dl -----~·~~~~,.•-• t :L1v ':=~~~·:.~"""''"~-"'HU~ 

Figure 4.7 

COUPl.IN8HH,D 
STAHlll.US ITHI. 

AUXILIARY ROD BLADE 

' ! 
- __________________ J 

LA 
COllElllATPllAL:JDVOl..'loh10. 

IN!04STAIHt.E.SSSTHt., 
STAINl.HllTIE!t.CU.0. 

HINIEOCOUPl.1 .. ll.OCll, 
11• MAX. fKJT'ATION, 
STAINl.HllTt:Et.. 

MAll'.llf.DUCT!OlflNCOAf.OUTLINE 
WlDTHFllOlllNOMINAl.llEC.W 
ME·221·4·1EITO•E ....... LAIT 
l!"Ol"GOllt.llOl.M>COf!NEllSOflltlCllll! 
DUTl.INl:AllEl'EllllllSlllL.E. 
TTf\llOTHIENlllOfCOllf.. 

Detailed drawings of the main and auxiliary control rod blades. 

SECTION D-D 

"" 
0\ 
I-' 



Rack Follower 
Main Control Rod 

Coupling Nut 
Material: SS t. 
Shrink Fit with 
Rack Follower 

Jergens Ball Plunger 
3 Req'd: 

Main Control 
Rod Blade 
Stainless Matrix 

T3~T 

* 

6-1/4 

::'fl •. :~J I~ 111 I 

~: ilp 
~J_ __ _l~ 

'1 ( 
I 
I 
I 
I 
I 
I 
I 

:) 

0 

1.001 Dia. 

1.0115 Dia. 

Rack Follower 
Main Control Rod 
Material: SSt. 

I.BOO 
PD. 

2Dia. 

Gear Data: 
Diametral Pitch= 10 
I.BOO Pitch Dia. 
No. of Teeth= IB 
20° Press. Angle 

1.014 Dia.-j 

Female Coupling- .-1-I,....;-It-;....' ml .,_1 __ ~--r-~.---
Main Material:SSt;---.,. ll\ I 1 I~!-:- : f f 

-· i-- -T-- . -: 
11 

Undercut 
1-11/16 1 I 

l_ /I I.I\ 1, ,/"""1-9/16-B UN 2A Threads ~ / Flash Chrome 
3-13/16 

+ 1.630 }, , I , z;; r-Orifice Plate 

Dia.- , ., , 
··--rl 111'-I Iii I 

1-1/2 

~ 

B-13/16 

I 
I 

L_ 
I I 

I 
I 
I 
I 
I 

2 .. 4 5 6 Inches 

·-Blade Handling 
Hole 

1.640 Dia. 

11~ , I 1 >IL '1 1.423 Dia. 

5-3/B 

l_,LJ 
Dia. 

1-9/16-B UN 28 Threads 

I 
0°Typ, 

·i··; ';<. 

.054 

--===--===--====i 
Figure 4.B Details of the coupling between the main control rod blade and the 

drive mechanism rack follower. 

.,,. 

°' "' 



1.00••1 
11!!1!!!!H!lllHTillTiffilllJll!lllllllH!lfiil!l!llllii!lllliili!i!lii• 

!tilllttilllmttm1111111m1111111 lllffilTillll!!l'l!i a111111111111:n11H11rn:rmsi t 1 1 ;:1 .:1;;1 • 1 
I•· ,:::l!iiil!ii!ITITITTITI 1!iIT!ffEf!J:'T•·.1··•.l •••i•···i··•T•••1 TT1•··1 

;p •ild'til;i!d!!l'il'. 11T'I I I Tl I I 11 I I I I I I I I.: 

H:li'di1': 1•11 

i!\I!: 
liil!!lil:: ITT l'IH'l'TI TTJ I ·I I. I I I I I I I I .I I 

11t1·H"T :t I I I I I I I T I I I I T J I I I 
;1:;1::i 

THERrv1AL NEUTRON EXPOSURE 1·;:'1->· 

-

.• ,, . .,,~i:J;JJ l'Jl'f TT'IH i"':I: ;;j, !lillli:;,t; ITTTT LI •111 •l 1t1hH1!il::liffcJSf1.:I I :I I I 11. I I I ::pr1 I I I I I I I I I 
~bmr:: LI TH I I I I HT. kt:!l 'liJ'i!lli!:,[I It I I 'I Ji ! ii •Jt I' '1!1il:L:l:1q I I: I I 'I I .I J1Pf"'I I 1··1 

·::1:;;11:::· [T'K:F:l l1•.·1···rd!:::l.'i1l:iii'!illi•:11:·,1;1,·1 .•. ·1.··1:1:l!'1•lr·•il•'•'l!'!d::',l::•rm::.l•''·l:•''l::·l•·TJ'TTTT·LA"1 ···I· ··I 
···•t• iil:41 .• •1•• 1· 1• ·1.•i·I' N.Jli li',J.·j !!'l•:1!i••!HiiiJiil'ITi!l·:l:l 1'1.t.• !l'i!l'l.l.;::i'''il:11•li' •:1.;·:1::•:t.; i l•'!!lii 1•11:••1·:;1.:· .1·:: ·I: ··•I· ::•t• 1.1~ ' ·I I 

Fl I 

I" H-4 I RT 

r 

4b 1,1·1:· ii•' l,il•:H::HFHliM!L,lif!fH'!' IN•:'I · .•l•• .. l• .. •I:: ··1··. •l'•••I••: I:• li:i•L1Jsrmr1:,1:·: 'l.!Jili!1il!!!!i'l!T;ms;nsrmc: I .I· 
,o'li:'l· I T¥121ii'l.Hl'i•I H!flT IT'N.:TTTTTI ITT J l1'i:/:.:'Li'11'In/:'JTSEll' 1L!!b I I I ·I. J I I I 
•1"'fPGli"G'VittlH,f!t•iJ;t:TTLIXTllll>l l'l>l.lJP!'.l•kl t:hH:·I 11 11 I 11•1.•1 

··il:::•l':•l:•:'I'' '1 1•••1:•.•1•. 'H''l•'l•···l.·· l .. ·.t::•'l·'TCX:l .. l ..• ,l,.:l'1·l·•·1···:1••. l:Jr l.·•·I: TITFrflCFl2FFT l•·.1•.''ITIT I I 
1111.111nnr1r11kt•lll N.JJJ:IL?l •l:IJ I I I 11·11·1 I 11•1 It I 

AO~ l LLI 11: I 'I J:::i:·n1:: I 'l:.1 T 11 >I HI 111· 11I111 l+H 11 r lclF I fftT1+Hl I· 1··1 · 11 f1 I I 
l>.lrill·l•'liJ:"lll·I'lti:l!''il:,kllA•ll I N..l<l 111111 I r ' i. 1· 11.+ .. 1 t 1 +:rrrFT·IA 1~n1. 11 l'L 1 r 1 1 1 I. I I .·I· I 

l':l:o I T' l' I Y' IJ I l .VI I >I l.J I t t t t r-- I I I !'TTI.· 
lll'Tl'l''TTTI I'll ICi!'ll<lrTHrr·111·1•1 r-- I ··111 

.20~1:~ttll1~2 1 I I lt1tE I :lef 1l~:;r 11111111 :1:~lttfllltllTitff~~tIT I fr 

mirlll,:f-,,~ 
I i. 

~ r LLl 
I ~ 

2 3 4 5 6 X 1021 N/cM2 

NVT 

Figure 4.9 Europium isotope fractions as a function of thermal neutron exposure. 

*" 
O'I 
w 



Figure 4.lOa 

Figure 4.lOb 

Transverse 
Section is 
cladding. 
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section of unirradiated Eu 2o3 absorber specimen. 
30 wt % Eu 2o3 in type 304 stainless steel, with 304 
As polished, 250 x. (ORNL R-16188, courtesy A. E. Richt) 

Transverse section of absorber specimen similar to that of Figure 
4.lOa, irradiated to 4.5 x 1021 nvt (unperturbed, thermal) at 
150°F. As polished, 250 X. (ORNL R-16189, courtesy A. E. Richt) 



4 - 65 

Holding Bolt for Insert 

Transition Plate Insert 

Transition Plate 

Flow Shroud 

Transition Plate Flange 

Auxiliary Blade Follower 
Bushing 

...._---Auxiliary Blade Follower 

Figure 4.11 Detail of the transition plate insert for the control rods. 



4 - 66 

6 

LLJ 
I-
<( 
a: 5 
z 
0 

ii: 
a: 4 0 
(/) 

CD 
<( 

z 
0 
a: 
I-
::> 
LLJ 
z 
LLJ 
> 
I-
<( 
_J 
LLJ 
a: 

2 4 6 8 10 12 
DISTANCE FROM END OF ROD, IN 
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Figure 4.19 Power distributions in a core with all resh fuel, at full power and 
equilibrium xenon soon after startup ("day 0, cycle O"). Parts a, 
b, and c show the horizontal variation in power density at the core 
center, 6.5 in. above center, and at the core top, respectively. 
Part d shows the variation in the power density average taken 
vertically. 
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Figure 4.20 Power distributions in an equilibrium core at full power and equi
librium xenon soon after startup ("day 0, cycle 10"). Parts a, b, 
and c show the horizontal variation in power density at the core 
center, 6.5 in. above center, and at the core top, respectively. 
Part d shows the variation in the power density average taken 
vertically. 
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Figure 4.21 Power distributions in an equilibrium core at full power and equi
librium xenon at the end of the cycle, just before reloading ("day 
20, cycle 10"). Parts a, b, and c show the horizontal variation 
in power density at the core center, 6.5 in. above center, and at 
the core top, respectively. Part d shows the variation in the 
power density average taken vertically. 
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Figure 4.22 Vertical variation of the power density at the hot corner of the 
hot fuel plate in the HFBR core relative to the average power den
sity in the core, for the beginning and end of the equilibrium fuel 
cycle and the first cycle for a freshly fueled core. 
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Figure 4.25 Control rod calibration curve for one cadmium-stainless steel rod. 
the main rod stroke is from 0 to 30 in. rod position (full out at 
0 in.). The auxiliary rod stroke is from 0 to 15 in. rod position 
(full out at 0 in.). Main and auxiliary rods have the same reac
tivity characteristics over the 0 to 15 in. portion of the stroke. 
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Figure 4.27 Xenon transient curves for various operating levels. 
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Figure 4.28 Reactor response to a step reactivity input of 50 cents 
(.39%k) at full power, with no safety rod action. 
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Figure 4.29 Reactor response to a step reactivity input of 75 cents 
(.585%k) at full power, with no safety rod action. 
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Figure 4.30 Reactor response to a step reactivity input of 1 dollar 
(.78%k) at full power, with no safety rod action. 
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Figure 4.43 Fractional neutron population as a function of time after shutdown, 
for various shutdown reactivity margins. 

13xl06 

12 

"' II -- 10 I ... 
..c: 

9 ' " iii 8 
ui 7 !;:( 
a:: 6 
z 5 Q 
!:i 4 a:: w 3 z w 

2 t!) 

!;:( I 
w 0 :r: 

0 

ROD CROSS-SECT! N 
REGION "A" 

R~z~( 
COOLANT 
CHANNEL 

GAMMA HEATING RATE IN CONTROL ROD 
AT 40 Mw 

2 3 4 5 6 7 8 9 
AXIAL DISTANCE FROM END OF ROD.cm 

Figure 4.44 

10 





5 - 1 

SECTION 5. PRIMARY COOLANT SYSTEM 

5.1 SUMMARY DESCRIPTION 

Heat is removed from the HFBR core by a flow of 16,600 gpm of heavy water. 
The complete piping and instrumentation diagram for all reactor systems is shown 
in Figure 5.1, and for the primary system alone in Figure 5.2. 

The flow in the primary system is as follows. Heavy water at 120°F and 
203 psig enters the neck of the reactor vessel and flows downward through the 
shroud to the core, with a small amount of heavy water bypassing the core to 
cool the control rod blades. After passing through the core, the coolant is 
dispersed outward to the reflector and flows upward through the reflector to the 
annulus formed by the shroud and the neck of the vessel. The coolant leaves the 
vessel at 134°F and 171 psig through an elbow and passes downward through a pipe 
in the biological shield and through the venturi meter which measures flow in 
the primary system. After the venturi, the flow is split into two parallel 
streams which encounter, in order, a block valve, a primary pump, a check valve, 
a primary cooler, and a primary control valve. The primary pumps are electri
cally driven, of conventional vertical centrifugal type, and are described in 
Section 5.3.2. The primary coolers, which transfer the reactor heat from the 
heavy water to cooling tower water, are shell and tube-type exchangers with the 
primary coolant on the tube side. They are described in Section 5.3.1. Down
stream of the control valves the two streams come together again and the pri
mary coolant flows up through a pipe in the biological shield to the reactor 
vessel. 

The primary system is pressurized by introducing helium at 200 psig into 
the surge volume at the upper end of the reactor vessel neck. The helium 
system is described in Section 7.4. 

Figure 5.3 shows the spatial arrangement of the primary system components. 
The reactor vessel is located about 20 ft above the other major components of 
the system. To prevent a leak in the primary system from draining coolant away 
from the core, several precautions have been taken. All penetrations in the 
reactor vessel are located well above the core region. Liquid level instru
ments are linked to the safety system to shut down the reactor if the coolant 
level falls below the normal operating level in the vessel. Additional level 
instrumentation shuts down the main pumps, should the coolant level fall past 
the scram point. In addition, a bypass line is opened between the reactor inlet 
and outlet regions on the "low-low" level signal. This action prevents heavy 
water from being siphoned from the core region during the pump coast-down 
period. Finally, the reactor vessel is situated in a water-tight pit of such 
volume that a break in the vessel itself will flood the pit to a level above 
the active core. 

5.2 PRIMARY COOLANT 

5.2.l COOLANT PROPERTIES. The primary coolant for the HFBR is heavy 
water. Graphs of the density, vapor pressure, specific heat, latent heat of 
vaporization, viscosity, and thermal conductivity of the saturated liquid are 
shown in Figures 5.4, 5.5, and 5.6 (5.1). The freezing point of heavy water is 
3.79°c, or 38.B°F, and the boiling point is 101.41°C, or 214.5°F, both at 
atmospheric pressure. 

At 25°c the dissociation constant for D20 is 1.95 x lo-15 (reference 5.2), 
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which gives a pD of 7.35 for neutral heavy water as compared to pH= 7.0 for 
neutral light water. Since aluminum corrosion is reduced in slightly acidic 
water, the primary coolant in the HFBR is maintained at a pD of 5.0 to 5.1. 
The acidifying agent is nitric acid, introduced through the nitrate bed in the 
heavy water purification system (see Section 7.5). The electrical specific 
resistance of the pD 5 heavy water is about 700,000 ohm-cm at room temperature. 

Impurities in the heavy water will be kept at very low concentrations by 
the filters and ion exchange beds of the purification system. The isotopic 
purity of the heavy water received from the AEC is 99.75% or better. The light 
water content of the heavy water will increase slightly from the 0.25% initial 
value as the primary system is filled and the reactor operated. During normal 
reactor operation the chief sources of light water contamination of the heavy 
water will be in fuel changing, when the primary coolant is exposed to water 
vapor in the atmosphere, and from the resin beds in the purification system. 
Contamination from the resin beds will be minimized by careful deuterization 
before putting the beds into service. The degradation rate of the isotopic 
purity of the primary coolant should not exceed C.03% per year. 

5.2.2 COOLANT INVENTORY. The heavy water inventory is given in Table 
5.2-1 for the entire HFBR plant. 

5.2.3 LEAKAGE RATES. The possible sources of leakage in the heavy water 
systems are gaskets at flanged pipe joints, pump and control rod mechanical 
seals, valve packings, and the equipment itself. A further source of heavy 
water loss is in the fuel handling operations. 

Because of the care with which the equipment has been manufactured, chronic 
leaks in the process system components are not likely. Leaks at gaskets are a 
possibility but should be quickly detected and corrected in the start-up phase 
of plant operation. Some leakage at pump and control rod seals can be expected. 
The life tests on the control rod drive shaft seals showed a maximum leak rate 
of 4 cm3/hr. If all 16 control rod seals leak at this worst rate, the daily 
heavy water loss to the DA drains is 1.54 liters, or .41 gal. The seven heavy 
water pump mechanical seals are of similar design and are expected to leak at 
about the same rate, for an additional .67 liters, or .18 gal, per day. This 
mechanical seal water leakage is collected in the storage tank FA-101 or in 
collection vessels at pumps, except for the minor amount vaporized and carried 
off in the exhaust air system. The fraction of the mechanical seal leakage 
which is vaporized may run as high as 10 to 20 percent, leading to a yearly loss 
of 20 to 40 gal of heavy water from this source. 

Valve packings of the types used in the heavy water systems have been shown 
by long use in many applications to be quite tight at the moderate temperatures 
and pressures of the HFBR systems. The water leakage from valve packings in 
good condition will be small, with evaporation carrying away all such leakage 
with the exhaust air from the plant. An allowance of 20 to 40 gal per year is 
made for D20 loss from this source. Heavy water is evaporated and lost from the 
system in the fuel changing operation at each shutdown. About one gallon per 
shutdown, or 20 gal per year may be estimated for this leakage source. 

The total yearly heavy water loss from the above sources is 60 to 100 gal, 
or .67 to 1.1 percent of the plant inventory. A further loss of high isotopic 
purity heavy water occurs in the deuteration and dedeuteration of the resins 
in the purification system. In this process heavy water is not lost, but is 
degraded with light water and must be returned to the processing plant for 
upgrading. The amount of heavy water degraded in deuterating and dedeuterating 
a bed is 40 to 60 lbs, so that the yearly processing for all four beds will 
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degrade about 25 gal. 

Table 5.2-1 Heavy Water Inventory (70°F) 

Primary System: 
Reactor vessel, DC-101* 
EA-lOlA and B (tube side) 
GA-lOlA and B 
18 and 20 in. pipes and valves 

Helium System: 
GA-105 
EG-101 
Pipes and valves 

Shutdown Cooling System: 
EA-103 
GA-102A and B 
Pipes and valves 

Purification System: 
FD-lOlA and B, and FD-102 
H-lOlA and B 
H-102A and B 
Pipes and valves 

Transfer and Storage System: 
GA-104A and B 
FA-101 
FA-102 
Pipes and valves 

Experimental Facilities Cooling System: 
Irradiation thimbles V-10 to V-16 
EA-102 
GA-103A and B 
FD-103 and FD-104 
H-103 
Pipes and valves 

2175 gal 
2390 

284 
2224 
7073 

1 
1 

30 
32 

79 
24 

340 
443 

43 
70 
70 

150 
333 

8 
200 
340 
116 
664 

56 
136 

8 
24 
35 

190 
449 

TOTAL PLANT INVENTORY: 8994 gal 

*The reactor vessel inventory of 2175 gal is for the operating 
condition: 2470 gal are required to completely fill the vessel. 
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5.2.4 RADIOACTIVE CONTAMINANTS. To a large extent the radioactive mate
rials to be found in the primary coolant originate in the core region by nuclear 
reactions. A listing of these contaminants, the reaction in which they are 
formed, their half-lives, and their concentration in the coolant at the exit 
from the reactor vessel is found in Table 5.2-2. With the exception of Na-24, 
which has the aluminum in the fuel element as its source, these radioisotopes 
originate in the heavy water itself. A curve of the concentration of Na-24 in 
the primary coolant is shown in Figure 10.17. This graph shows the effect of 
the purification system at various flow rates on the Na-24 concentration, as 
well as the decay of the activity after shutdown. 

Table 5.2-2 Principal Radioactive Contaminants in the Primary Coolant 
at the Vessel Outlet During Operation at Full Power 

Radioactive Concentration, µc/cc 
Isotope Formation Half-Life unless otherwise stated 

Nl6 16 16 
100 0 (n,p)N 7.4 sec 

Nl7 17 17 -2 
0 (n,p)N 4.2 sec 1.44 x 10 

019 18 19 
18.9 0 (n,y)O 29 sec 

Fl7 016(d,n)Fl7 66.6 sec 5.2 

Na 
24 27 24 

Al (n,a.)Na 15.4 hrs .173 

H3 2 3 
12.26 1260* H (n,y)H yrs 

Photoneutrons 
2 1 

H (y,n)H 8.96 x 
3 

10 n/cc-sec 

*concentration at the end of one year. 

Trace quantities of fission products from fuel element surface contami
nation and radioactive corrosion products would also be expected to be found 
in the primary coolant but should be kept at very low levels by the purification 
system. 

The concentration of tritium, which has a long half-life when compared with 
the other radioisotopes originating in the heavy water, will continue to build 
up in the primary coolant for many years. The calculated tritium concentration 
from start-up to 25 years is given in Figure 5.7 for three conditions of heavy 
water makeup. Since the tritium emits only a low energy beta, it presents a 
biological hazard only when inhaled, ingested, or absorbed through the skin. 
Tritium, therefore, requires no extensive shielding in spite of its relatively 
large concentration in the coolant water. 

5.3 SYSTEM COMPONENTS 

5.3.l MAIN HEAT EXCHANGERS. The two main heat exchangers, EA-101A and B, 
are U-tube, counter-flow, water-to-water coolers, mounted in the horizontal 
position. Table 5.3-1 gives pertinent data on these coolers. 

The dimensions of the main coolers are 56 in. shell outside diameter by 



5 - 5 

27 ft-0 in. overall length. The heavy water inlet and outlet nozzles extend 
above and below the channel to give an overall height to the main coolers of 
9 ft-10 in. Figure 5.3 shows the shape of the coolers and the outline of 
these nozzles. 

Table 5.3-1 Data on the Primary System Coolers EA-101A and B 

Manufacturer: Southwestern Engineering Co. 

Tube side fluid: 

Shell side fluid: 

Rated flow per shell: 
Tube side 
Shell side 

Design pressures: 
Tube side 
Shell side 

Design temperature: 

Operating pressures: 
Tube side 
Shell side 

Pressure drop (rated flow): 
Tube side 
Shell side 

Operating temperature (rated flow): 
D20 in 
D20 out 
Cooling water in 
Cooling water out 

Velocity of D20 in tubes 
(rated flow): 

Heat transfer rate: 
Clean 
Service 

MTD (corrected): 

Surface per shell: 

Rated heat exchanged per shell: 

Materials of construction: 
Tubes 3/4 in. OD x 16 B.W.G. 

D2o primary coolant 

Cooling tower water 

9,000 gpm 
4,000 gpm 

300 psig 
150 psig 

16cl°F 

250 psig 
45 psig 

10 psi 
12 psi 

134°F 
120°F 

85°F 
119°F 

7.3 ft/sec 

526 Btu/hr-ft2_oF 
256 Btu/hr-ft2_op 

23 .6° F 

11,330 ft2 

68,500,000 Btu/hr 

ASTM A-249, stainless steel, 
type 304, .063 max. carbon, 
seam welded 



5 - 6 

Table 5.3-1 (cont'd) 

Materials of construction: (cont'd) 
Channel head 

Tube sheet (extended to serve 
as body flange) 

Shell 

Number of U tubes per shell: 

Number of active tubes: 
EA-lOlA 
EA-101B 

Number of plugged tubes: 
EA-lOlA 
EA-lOlB 

Closure design: 
Channel to tube sheet 
Tube to tube sheet 
Shell to tube sheet 
Inspection hole in shell 

Code requirements: 

ASTM A-240, stainless steel 
type 304, .06% max. carbon 

1/4 in. stainless steel 
type 308 ELC cladding laid 
on 4-3/4 in. ASTM A-212B 
carbon steel 

ASTM A-212B carbon steel 

1350 

1345 
1348 

5 
2 

Welded 
Rolled and seal welded 
Bolted, with gasket 
Bolted, with gasket 

TEMA-R for entire cooler~ 
ASME Unfired Pressure Vessel 
Code, with Cases 1270N and 
1273N, for tube side only 

The U-tube type of exchanger, the geometry of the channel, and the arrange
ment of the primary coolant inlet and outlet nozzles were all determined in the 
cooler design by the requirement of minimum heavy water inventory. The units 
are physically compact in view of the large surface they contain. The con
struction is on the heavy side, with channel, nozzle, and tube wall thicknesses 
in excess of even the stringent requirements of the ASME Code for nuclear 
service vessels. 

The testing program carried out on the main coolers included the following: 

1. An eddy current test of the seam welds in all of the tubing. This 
test was carried out by the tube manufacturer (Damascus Tube Co.). 

2. All tube-side (primary coolant side) plate, pipe, and forging 
materials were ultrasonically tested for internal flaws. 

3. All tube-side welds were radiographed. 
4. A hydrostatic test was performed on the tube sides of the coolers at 

465 psig. A hydrostatic test at 255 psig was performed on the shell 
sides of the coolers with fluorescent dye in the water to reveal 
small leaks. None were found. 

5. A mass spectrometer leak test with helium gas was performed on the 
tube sides of the main coolers. The testing standard was MIL-STD 
271B (SHIPS), Section 8, with the additional provisions that the 
test gas be all helium (instead of a helium-air mixture) and that 
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the allowable leak rate be 2 x lo-8 STP cm3/sec (instead of 
5 x 10-8 ). 

As a result of the tube-side hydrostatic test and an extensive series of 
helium leak tests, 5 tubes were plugged in EA-101A and 2 tubes were plugged in 
EA-101B. In the final leak tests of the coolers the shell sides were pressur
ized to about 50 psig with helium, and no leakage to the evacuated tube sides 
could be detected with the mass spectrometer. The instrument sensitivity in 
these tests was 3 - 5 x lo-10 STP cm3/sec. Further tests with the channel ends 
of the coolers enclosed in envelopes containing atmospheric pressure helium 
showed no detectable leakage from the channels and nozzles to the atmosphere. 
We conclude that the tube to shell leakage rate of both exchangers is9of the 
order of 5 x lo-10 STP cm3 /sec He, and is 'certainly less than 1 x 10- STP 
cm3/sec He, for a pressure difference of some 65 psi across the tube walls. 
Such a leakage rate is truly microscopic, and the heavy water leakage to be 
expected is effectively zero. 

The primary coolant sides of the main coolers were cleaned, prior to the 
final tests discussed above, by a series of detergent and cleaner washes and 
water rinses. The detergent was an alkaline base material, Oakite No. 62. 
Repeated clean water rinses removed the cleaning solutions. The final rinses 
were made with deionized water, and the coolers were then carefully dried. 

5.3.2 MAIN PUMPS. The two main pumps, GA-101A and B, are of the 
vertical in-line centrifugal type. Table 5.3-2 gives pertinent data on these 
pumps. The performance characteristics of the pumps are given in Figure 5.8. 

Table 5.3-2 Data on Primary System Pumps GA-lOlA and B 

Manufacturer: Pacific Pumps, Inc. 

Flow capacity: 
Design 
Test 

Number of stages: 

Impeller: 

RPM: 

Motor: 

NPSH at rated flow: 

Materials of construction: 
Casing, impeller, inner 
base parts, shaft 

Code: 

Number of seals: 

9,000 gpm at 128 ft head 
9,000 gpm at 142 ft head 

One 

19-1/4 in. diameter enclosed-type 

1190 

Louis Allis, 400 hp, 2300 volts, 
3 phase, 60 cycle, with special 
Class "B" epoxy insulation 

32 ft 

Stainless steel, type 304 
0.06% max. carbon 

API Standard 610, Centrifugal Pumps 
for General Refinery Service 

One 
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During the shop testing of main pump GA-lOlB the vibration data below was 
gathered using an IRD Model 600 Vibrometer. Periodic testing of the vibration 
of the pumps will be carried out during operation to detect the onset of any 
vibration problems. 

Capacity Speed Pump Vibration 

4000 gpm 1190 rpm 0.0003 in. 

9000 gpm 1190 rpm 0. 0004 in. 

The shaft seals on the main pumps are pressure balanced single seals with 
auxiliary sealing devices, API Designation BASFHh. The seal is shown in the 
sectional drawing, Figure 5.9. The seal will be described in detail here, since 
it is typical of the pump shaft seals used throughout the plant. 

The primary coolant is prevented from leaking out of the pump along the 
shaft by the seal shaft sleeve "O" ring·s. Since the seal shaft sleeve is 
tightly bound to the pump shaft and rotates with it, these "O" rings form a 
static seal. They should be completely tight and prevent any leakage between 
the shaft and the sleeve. The shaft sleeve compression nut and seal ring 
adapter also rotate with the shaft. The primary coolant is prevented from 
leaking between the washer and the seal shaft sleeve by the Buna S "0" ring and 
its back-up ring of polyethylene. These components rotate with the shaft and 
sleeve, so that the "O" ring seal is static, and should be completely tight. 

The dynamic seal, that is, the seal between the rotating parts and the 
stationary parts bound to the pump casing head, is made at the interface between 
the carbon washer and the tungsten carbide seat, with the washer rotating and 
the seat stationary. The outer seal plate clamps the seat to the inner seal 
plate. These parts are sealed to each other and to the pump casing head by sets 
of Buna S "O" rings to form a water-tight stationary assembly. The washer is 
forced against the seat by springs mounted in the washer assembly and backed 
against the shaft sleeve. The washer itself is shaped so that the pressure drop 
across the seal does not force the washer against the seat. 

A small amount of the coolant from the discharge of the pump is piped to 
the seal flushing connections in the inner seal plate and flows into the cavity 
between the washer assembly and the pump casing head. This flushing water 
stream cools the washer and seat, removing the friction heat generated at the 
interface. The flushing water also carries away from the critical interface 
solid particles which might otherwise accumulate in this region and damage the 
seal. Two other pipe connections in the inner seal plate lead to an annulus 
around the seat. In some seals cooling water is circulated around the seat in 
this annulus to keep it cool. The GA-101A and B pumps will not utilize these 
connections and they will be plugged. 

Any coolant which leaks past the dynamic seal will work its way to the 
chamber formed by the seat, the seal shaft sleeve, and the outer seal plate. 
This chamber is vented and drained through two pipe connections. Outboard of 
(i.e., above) the leakage collection chamber is the auxiliary seal. This is 
formed by the stationary floating seal plate bushing fitting snugly around the 
shaft sleeve. The floating seal plate bushing is of carbon. It is made in 
three segments and is held together by a garter spring. The diametral clearance 
between the floating seal plate bushing and the sleeve is .004 to .006 in. The 
carbon bushing assembly is pushed against the outer seal plate by four retaining 
springs, to effect an axial seal between these members. 
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The purpose of the auxiliary seal is to limit the flow of air into the 
collection chamber. The chamber is drained to a collection tank for liquid 
leakage, and is maintained at an air pressure less than that in the pump room 
by the exhaust connection to the off-gas manifold. Thus, air leaks down the 
shaft sleeve and through the auxiliary seal into the collection chamber. This 
arrangement insures that tritium-bearing water vapor from leakage past the main 
dynamic seal does not get into the room air. In viewing the drawing of the 
seal, Figure 5.9, it should be kept in mind that the pump shaft is vertical, and 
that the auxiliary seal is on top of the assembly. When properly installed this 
type of seal allows for the passage of no liquid and only minute quantities of 
vapor. 

A flywheel having a moment of inertia of 1000 lb-ft2 was added to each pump 
to improve its coastdown characteristics. The addition of the flywheel brought 
the total moment of inertia of each pump to 1320 lb-ft2 The coastdown of the 
installed pumps is dependent to large extent on the configuration of the system 
in which they are installed, so that test stand figures are not of great value. 
An analytic approach has been taken using the known moments of inertia of the 
pumps together with calculated values for the liquid momentum and piping 
frictional losses. Figure 5.10 presents the analytically derived coastdown 
curves for the primary coolant system with two pumps initially on line and with 
one pump initially on line. Actual coastdown times in the system will be 
measured during the startup experiments. 

It should be noted that the initial flow for two pumps is taken at 16,600 
gpm, whereas the design flow of each pump is 9000 gpm. The 16,600 gpm flow is 
used because it is the minimum flow required to operate the reactor at 40 MW. 
Coastdown for larger initial flows will displace the entire curve upward 
slightly. 

The main pumps may be started and stopped at the console in the control 
room, or at the switch gear cabinets on the equipment level. Normally, starting 
and stopping will be done at the control console. The primary coolant system 
must be pressurized before the main pumps are started because of the 30 ft NPSH 
required by the pumps at normal flow and the substantial NPSH required even at 
reduced flow. A cover gas pressure of 120 psig is required to clear the low-low 
pressure interlock and allow starting of the pumps (see Sections 9.5.4 and 
9.5.6). 

Pumps are always started one at a time with the pump suction valves full
open and the primary control valves one-fourth open. When the first pump 
reaches rated speed, as indicated by the motor current meter in the control 
room, the corresponding primary control valve is opened to the setting which is 
required with both pumps operating. The second pump is started in a similar 
fashion. With the two pumps operating, both primary control valves are trimmed 
so that the total flow in the system is at the desired level and flow through 
the two primary coolers is the same. Barring obstructions or other extraordi
nary occurrences, which would be diagnosed by other instrumentation, flow 
through the coolers should be essentially the same if the pressures at the 
primary cooler outlets are the same. 

The electrical power for the pump motors is 2300 volt, 3 phase, 60 cycles. 
The supply for each motor originates at a solenoid operated, 3 pole, draw-out 
type air circuit breaker in the 2300 volt switchgear cabinet on the equipment 
level. 

5.3.3 VALVES 
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5.3.3.l Introduction. Valves in the primary system can b~ divided into 
two categories~ valves which have to do with the control of the coolant in the 
system, and drain valves. In the former category are the primary control 
valves, pump suction valves, and the primary check valves. In the second 
category are the valves in drains for pumps and low places in the system. 

5.3.3.2 Drain Valves. Figure 5.1 shows the various drains from the 
primary system. These drains are part of the DA drain system, which is 
described in Section 7.6. The valving which separates the primary coolant 
system from the drain system consists of two block valves in each line to insure 
no leakage from the primary system. The valves employed are Hancock Type 
100 BW solid wedge gate valves made of type 304 stainless steel with a maximum 
carbon content of 0.06%. 

5.3.3.3 Primary Control Valves. The primary control valves HCV-101A and 
HCV-lOlB are 18 inch Allis-Chalmers Rotovalves. The Rotovalve is essentially a 
plug cock which, when being opened, is first lifted from its seat and then 
rotated to the desired position. When in the full open position, the opening 
through the plug orifice provides an unobstructed fluid passageway. The 
passageway is closed by rotating the plug orifice to a position perpendicular to 
the opening in the valve body. When the valve is closed, the plug is forced 
into the body so that the seat rings on the plug engage mating hard-faced seat 
rings on the body. Data on the primary control valves are given in Table 5.3-3. 

The primary control valves are operated by Hupp air motors, with handwheels 
for local operation. The Hupp motor is capable of holding the valve plug at any 
position between fully closed and fully open for an unlimited period of time. 

The valves are operated remotely from the control console by "open" and 
"close" momentary contact push buttons. Valve position is transmitted to the 
console and is shown on meters on the console. Limit switches at the valves 
provide signals to "full-open" and "full-close" pilot lights on the console. A 
torque switch protects the valve from damage in the event of an obstruction or 
an over-travel command. The switch de-energizes the solenoid valves (hence 
closes them) which control the air supply to the valve operator motor. The 
valve operator also has positive mechanical stops to prevent over-travel. 

5.3.3.4 Pump Suction Valves. The two pump suction valves, HC-102A and 
HC-102B, are also 18 inch Allis-Chalmers Rotovalves. The discussion of the 
Rotovalve given in Section 5.3.3.2 applies to the suction valves, except as 
noted below. 

The pump suction valves are operated by 14 in. Hannifin air cylinders, 
which are controlled in turn by manually operated 4-way air cocks. The 
4-way air cocks are located outside the equipment cells. The valve operating 
mechanism is provided with limit switches which control pilot lights at the 
main console to indicate "full-open" and "full-closed" positions. The pump 
suction valves are not intended for throttling service and will be employed 
fully open or fully closed. 

The data in Table 5.3-3 is applicable to the primary suction valves with 
the following exceptions: 

1. Working pressure is 220 psig. 
2. End preparation is one 18 in. 150 psi ASA flange and one 20 in. 

weld neck. 
3. Test leakage through the valves was 4 oz/hr for HC-102A and 

10 oz/hr for HC-102B, both at 250 psi. 
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Table 5.3-3 Data on the Primary Control Valves HCV-lOlA and B 

Design temperature: 

Design pressure: 

Hydrostatic test pressure: 

Working pressure 

End preparation: 

Materials: 
body, plug, and head 

seat rings 
upper and lower 
trunnion facing 

head and body bushings 
head-body gasket 

pipe plugs 
packing 

lantern ring 
plug stub shaft 
dowel 

Motor operator environment 
design conditions 

Leakage through closed valve: 
design, max. allowable 
test, HCV-lOlA 
test, HCV-101B 

150°F 

300 psig 

500 psig 

275 psig 

one 300 psi ASA flange 
one 20 in. weld neck 

cast stainless steel, ASTM A-296, 
Grade CFB, .03% max. carbon 
CO-CR-A laid on body by welding 
Stellite #6 laid on plug by 
welding 
stainless steel, type 410 
Flexitallic, stainless steel, 
type 304 and asbestos 
stainless steel, type 304 
graphite-impregnated braided 
asbestos or molded polyurethane 
stainless steel, type 304 
stainless steel, type 410 
stainless steel, type 304 

85% relative humidity, 150°F 
temperature, 100 R/hr continuous 
gamma radiation 

20 oz/hr at 250 psi 
15 oz/hr at 350 psi 
7 oz/hr at 350 psi 

5.3.3.5 Primary Check Valves. A check valve is located at the discharge 
end of each of the primary pumps to prevent reverse flow through the pump. The 
valves are 18-inch Wheatley #BF Frank-Flo swing check valves with both ends 
beveled for welding per ASA-Bl6.5. There is metal-to-metal contact between the 
clapper and the seat. Stainless steel, type 304, with .06% maximum carbon was 
used for the check valves. 

Table 5.3-4 gives the pressure drop versus flow characteristics for the 
valves. It should be noted that the check valves do not close completely until 
there is substantially less than 400 gpm forward flow. This characteristic of 
swing check valves to remain open as long as there is any appreciable forward 
flow insures that there are no flow discontinuities during the coastdown period 
from abrupt closing of the check valves. 
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Table 5.3-4 Pressure Drop vs. Flow Characteristics 
for the Primary Pump Check Valves 

Water Flow Rate Pressure DroE Water Flow Rate 

400 gpm 0.05 psi 8000 gpm 

1000 .08 9000 

2000 .14 10 000 

3000 .29 11 000 

4000 .45 12 000 

5000 .68 13 000 

6000 1.00 14 000 

7000 1.40 

5.3.4 PIPING 

Pressure Dro:e 

1.80 psi 

2.25 

2.75 

3.30 

3.90 

4.90 

7.20 

5.3.4.1 Piping Design. These sections will describe the primary and 
auxiliary system piping which contains heavy water. The heavy water system 
piping is designed and fabricated to the highest standards used in the plant. 
It is designated as "P" piping, and may be distinguished on piping and instru
ment diagrams by the letter "P" proceeding the line number. The "P" piping was 
fabricated under stringent cleanliness and inspection requirements. The 
materials are type 304 stainless steel for all pipes except the vessel connec
tions, and aluminum alloy 6061-T6 for the piping connections to the reactor 
vessel. The DA drain system piping is of the same standard as the "P" piping. 

The design of all "P" piping was based on the requirements of the ASA Code 
for Pressure Piping, Petroleum Refinery Piping, ASA B31.3. Modifications of 
the ASA Code requirements were permitted only where the modification exceeded 
the Code requirements. Pipe hangers, supports, and anchors were designed under 
the requirements of the ASA Code for Pressure Piping, B31.l, ch. 1, Sec 6. 

The piping arrangement for the primary system is shown in the isometric 
drawing, Figure 5.3. The piping layout was chosen to minimize heavy water 
inventory and to provide sufficient flexibility to accomodate the full range of 
possible thermal expansion with minimum stresses. In all of the "P" piping, 
butt welded connections are made where possible, in preference to flanged or 
socket welded connections, to reduce the number of cavities in the piping which 
might collect foreign material and to eliminate gaskets. 

5.3.4.2 Materials. The general material for piping is type 304 stainless 
steel, with 6061-T6 aluminum alloy used for pipe connections to the reactor 
vessel. The "P" piping is divided into four classification groups: A3K, B3K, 
T3K, and B3C for 150 psi stainless steel piping, 300 psi stainless steel piping, 
stainless steel tubing, and 300 psi aluminum piping, respectively. Each of 
these classifications has its own detailed materials list for piping of various 
sizes, fittings, flanges, gaskets, bolts, and valves. Table 5.3-5 summarizes 
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these material lists for the four classifications. 

Where reference is made to a particular vender's valves in the material 
classifications, the reference is intended as a precise identification of the 
type and quality required. Substitution of other valves for those listed was 
accepted if the substitute was of equivalent type and quality. Specific review 
and authorization was required for each such change. Certified mill test 
reports were required of the piping vendors for all materials supplied. 

5.3.4.3 Fabrication. The fabrication of piping was governed by the ASA 
Code and pertinent Lummus Company specifications. Sub-assemblies of the piping 
were fabricated in clean cbnditions in the sub-contractor's shops and were kept 
sealed until assembled into the system at the job site. Dimensional tolerances 
for fabricated piping are given in Table 5.3-6. 

Table 5.3-6 Pipe Fabrication Tolerances 

Length and linear dimension 

Flattening 

Flange face alignment 

Alignment of joints 

Thinning 

Bolt hole location 

1/8 in. 

5% of nominal pipe size 

.5 degree max. deviation 

1/16 in. max. parallel misalignment 

Finished wall not less than 
87-1/2% of nominal 

1/16 in. 

Welded joints required beveling of the cut pipe ends for wall thicknesses 
greater than 3/16 in. Either 37.5° straight bevels or 20°u bevels were used. 
The joint fit-ups were made with uniform root spacing. Tack welds to hold 
joints were removed so that they did not become part of the joint unless made 
by a qualified welding operator and of the same quality as the finished weld. 
Joint fit-ups and tack welds were inspected and approved before the final weld 
was made. 

All finished welds on p1p1ng were made only by qualified welding operators. 
Qualification procedures submitted by the piping subcontractor for all types 
of welds in the system were reviewed and approved prior to operator qualifi
cation tests. The first root pass of all circumferential welds in the "P" 
piping was made by the inert' gas shielded welding technique. Complete penetra
tion was required. The root of the weld was required to show a smooth contour, 
with no evidence of non-fused land at the edges of the base metal in the radio
graphic inspection. Depression of the root pass, or "sink", was not allowed to 
result in a total thickness less than the original wall thickness of the pipe. 

5.3.4.4 Cleaning. The cleaning procedure adopted for the "P" piping 
utilized flushing, mechanical cleaning, and for the alloy steel piping chemical 
cleaning with oxalic acid, sodium bisulphate, and wetting agents. Where pipe 
runs permitted access to both ends, clean rags were soaked in detergent and 
pulled through the line. The final rinses were done with deionized water. 
Sections of piping were kept as free of dirt as possible during fabrication and 
all open ends were covered and sealed. In spite of the precautions taken during 



Table 5.3-5 Primary System Pipe and Fitting Specifications 

Component 

PIPE 
OR 

TUBING 

FLANGES 

STUB ENDS 

FITTINGS 

GASKETS 

BOLTING 

CORROSION 
ALLOWANCE 

A3K 
150# Raised Face 

304 Stainless Steel 

1/2" to 24": ASTM A312 
type 304, seamless, Sch.lOS 

1/2" to 24": 150# lap 
joint, ASA Bl6.5, carbon 
steel Al81 Gr I 

150# RF blind, ASA Bl6.5, 
stainless steel Al82 
Gr F304 

Material & Sched. same as 
pipe, dims, to MSS SP-43 & 
ASA Bl6.9 where applicable, 
MSS length: Ladish part 
No. 27410, or equal 

1/2" to 2": 200# socket 
welds, ASA Bl6.ll, Al82 
Gr F304 

l" to 24": butt weld, dims. 
to MSS SP-43 & ASA Bl6.9 
where applicable, Material 
& Schedule same as pipe 

Flexitallic Style CG or 
equal, type 304 stainless 
steel, asbestos filler, 
carbon steel gage ring 

Al93 Gr B7 alloy studs & 
carbon steel Al94 Gr 2H 
nuts 

zero 

B3K 
300# Raised Face 

304 Stainless Steel 

1/2" to 4": A312 type 304, 
seamless, Sch. lOS 

6" to 18": ASTM A312 
type 304, Sch. lOS 

1/2" to 18": 300# lap 
joint, ASA Bl6.5, carbon 
steel Al81 Gr I 

300# RF, blind, ASA Bl6.5, 
stainless steel Al82 Gr F304 

Material & Sched. same as 
pipe, dims. to MSS SP-43 & 
ASA Bl6.9 where applicable, 
MSS length: Ladish part 
No. 27410 or 27400, or equal 

Same as A3K 

Same as A3K 

Same as A3K 

zero 

T3K 
Tubing 

Stainless Steel 

ASTM A269 type 304, seamless 
fully annealed for bending, 
70-74 Rockwell "B", not to 
exceed 80 Rockwell "B" (max. 
ladle carbon 0.06%) 
1/8" .032 wall 
1/4", 3/8", 1/2": .035 wall 
5/8", 3/4": .049 wall 
7/8": .065 wall 
l": .109 wall 
1-1/4": 
1-1/2": 

.120 wall 

.130 wall 

Four piece compression 
'(Tyloc): Type 316 stainless 
steel, conforming to Joint 
Standards (JIC) for 
Industrial Equipment. 

3000# Threaded: ASA Bl6.ll, 
A234. Tubing-to-tubing 
welded connections shall be 
made using Arcos EB Weld 
Inserts. 

B3C 
300# Raised Face 

Aluminum 

l" to 12": aluminum, ASTM 
B241 GSllA T6, alloy 6061 
Sch. 40 

14" & larger: 
aluminum, ASTM B241 GSllA 
T6, alloy 6061, Sch. 40 or 
as computed for service 
with min. • 050" corrosion 
allowance 

l" to 12": 300# RF weld 
neck, aluminum 6061-T6 

14" & larger: 300# RF 
weld neck or lap joint, 
aluminum 6061-T6 

Material & Sched. same as 
pipe, dims. to MSS SP-25 
and ASA Bl6.9, where 
applicable 

Butt weld, dims. to 
MSS SP-25 & ASA Bl6.9 where 
applicable. 
Material & Sched. same as 
pipe 

Same as A3K 

Same as A3K 

.050" minimum 



Table 5.3-5 (cont'd) 

Component 

MAINTENANCE 
JOINTS 

PIPE 
JOINTS 

VALVES, 
GENERAL 

GATE 

GLOBE 

CHECK 

INSTRUMENT 
ANGLE VALVES 

ORIFICE 
VALVES 

NOTES: 

A3K 
150# Raised Face 

304 Stainless Steel 

Use flanges for break connections. No unions permitted 

1/2" to 2": socket weld couplings 

l" & over: butt weld 

1/2" to 2": 600# Socket Weld, Al82 Gr F304 body (exception 
use flanged check valves) 

1/2" & over: 150# RF, flanged or butt weld, A351 Gr CFS body. 
All stem & trim 304 stainless steel. Gates & globes: bolted 
bonnet, OS&Y. Packing: cup and cone solid ring teflon, or 
solid rings of teflon asbestos. In radiation zones, graphite
impregnated braided asbestos or molded polyurethane 

1/2" to 2": Solid Wedge, Hancock lOOW 

1/2" to 24": Double Disc, Aloyco 117-116 

1/2" to 2": Loose Disc Hancock lOW 

1/2" to 12": Modified Plug Disc, Aloyco 317-316 

1/2" to 10": Horizontal Swing, Aloyco 377-376 

1/2" to 3/4" & 3/4" x 1/4": OS&Y, Bolted, Jerguson 74G 
Integral Bleed 

1/2" x 1/2" Orifice Block HEX M-HOM, Bolted Bonnet 

1/2" x 1/4": Orifice Manifold by-pass with Tyloc Fittings 
& 3/8" type 304 tubing, HEX M-HOM, Bolted Bonnet 

B3K 
300# Raised Face 

304 Stainless Steel 

Same as A3K 

Same as A3K 

Same as A3K 

l" &. over: 300# RF, rest 
of spec. same as A3K 

1/2" to 2": Same as A3K 

l" to 8": Double Disc, 
Aloyco 2117-2116 

10" to 12": Solid Wedge, 
Aloyco 2217-2216 

1/2" to 2": Same as A3K 

l" to 6": Modified Plug 
Disc, Aloyco 2317-2316 

1/2" to 8": Horizontal 
Swing, Aloyco 3477, 2376 

Same as A3K 

Same as A3K 

1. No copper bearing material shall be used (except the base alloy, 6061, in B3C). 
2. All threaded nipples shall be Schedule 40, minimum. 
3. Type 316 stainless steel is acceptable for trim. 
4. Valves shall have metal-to-metal seating. 
5. Type 304 stainless steel maximum ladle carbon to be 0.06%. 

B3C 
300# Raised Face 

Aluminum 

Same as A3K 

Butt weld, dims. to MSS SP-25 & 
ASA Bl6.9 where applicable. 
Material & Sched. same as pipe 

6. All pipe, fittings, and valves to be free of oil, grease, dirt, and paint, except handwheels, which are painted red. 
7. Abbreviations: MSS - Manufacturers Standardization Society of the Valves and Fittings Industry. 

OS&Y - outside screw and yoke. 
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fabrication, and the cleaning and sealing of sub-systems as they were completed, 
it is likely that further cleaning measures will have to be taken on the com
pletely assembled piping system after all construction work has been finished. 

5.3.4.5 Inspection and Testing. All welds in the "P" piping were radio
graphed. The standard of acceptability was that given in the ASA Code for 
Pressure Piping, ASA B31.3. Welds were required to show complete joint pene
tration, smooth root contours, and no "sink", in addition to the provisions of 
ASA B31.3 as to weld appearance, cracks, inclusions, etc. Repaired joints were 
radiographed and met the full standards for the "P" piping. All "P" piping was 
hydrostatically tested at a pressure in excess of 425 psig. The piping was held 
under pressure for a sufficient length of time to allow a thorough inspection of 
all joints and all pipe surfaces. 

5.3.4.6 Piping Stresses. The primary piping is subjected to relatively 
modest temperature changes. The maximum bulk water temperature is 150°F. 
Design operating conditions call for a temperature of 120°F from the primary 
coolers to the reactor vessel and 134°F from the reactor vessel to the primary 
coolers. However, since the primary piping was kept as compact as possible to 
minimize heavy water inventory, the thermal expansion stresses were thoroughly 
investigated. For the calculations a temperature of 120°F was assigned to the 
reactor inlet piping and 150°F to the outlet piping. 

For the case in which both primary coolers are operating, the maximum 
computed stress in the reactor outlet piping is 2705 psi at two symmetrically 
located points at the downstream ends of the 18 in. elbows between the pumps 
and the pump suction valves (see the isometric drawing, Figure 5.3). In the 
reactor inlet piping the maximum computed stress is 2290 psi at two symmetri
cally located points at the outlet nozzle flanges of the primary coolers 
EA-101A and B. These stresses are quite low, and reflect both the small temper
ature range involved and the relative flexibility of the piping system. 

For the case in which only one primary cooling circuit is operating, the 
most important change in the stress situation is the introduction of torsion in 
the reactor outlet piping. A check of the stress produced by this loading shows 
only 345 psi in torsion and a combined stress of 395 psi in the reactor outlet 
piping. The very low values for the stresses in this case are again due to the 
flexibility of the system and the small temperature range. 

5.3.4.7 Flowmeter. The primary system flowmeter is a venturi section 
installed in the 20 in. outlet line from the reactor vessel (see Figure 5.3). 
The flowmeter body material is stainless steel, ASTM A-312, type 304, with a 
maximum ladle carbon content of 0.06%. The venturi body is welded into the 
outlet line in accordance with the "P" piping standards. The flowmeter is 
36 in. long, with a throat diameter of about 17-1/2 in. Instrument taps are 
all 3/4 in. Sch. 80 seamless pipe of type 304 stainless steel. Maximum flow 
through the venturi is 25,000 gpm, at a flow head loss of 6.25 in. water gauge. 
The maximum differential pressure developed at the instrument taps is 250 in. 
water gauge. (Pressures given "inches water gauge" all refer to light water.) 

5.3.5 RELIEF VALVES. Two Crosby Size 2J3, Style J0-25-3, Type A, safety 
relief valves having an orifice area of 1.287 square inches each are employed 
to protect the primary coolant system from overpressures. These valves, SV-101A 
and SV-lOlB, are connected to the piping which vents the surge volume in the 
reactor vessel (see Section 7.4.4). Each valve is capable of passing 20,400 
lb/hr. of saturated steam, or 350 gpm of water, at a pressure of 275 psig with 
no more than a 100~ overpressure. The relief capacity of the valves is reduced 
by the frictional losses in the attached piping, and a conservative estimate 
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of the relief capacity of the two valves in parallel, with piping losses, is 
10,000 lb/hr of steam. 

The relief valves are set at the vessel design pressure, 275 psig. Once 
opened, the valves will reseat at about 230 psig. Complete reseating, with no 
detectable leakage past the seat, is anticipated. The valves will be tested in 
place periodically. The portions of the relief valves in contact with the 
primary fluids are made of stainless steel. 

5.4 PROCESS DESIGN CONSIDERATIONS 

5.4.l FLOW RATES, PRESSURES, AND TEMPERATURES. The flow rate in the 
primary system is determined by the heat transfer requirements of the fuel 
elements at rated power. A primary circuit flow rate of 16,600 gpm gives the 
required water velocity in the fuel element cooling channels of 35 ft/sec. 
Reference may be made to Sections 4.7.2 for a detailed analysis of the flow 
distribution in the reactor vess~l. Figure 5.2 shows the flow direction through 
the vessel, with downward flow through the core, and in the external circuit. 
The two pump and heat exchanger loops share the flow equally, carrying 8300 
gpm each. 

There are no cross-over or bypass lines in the primary circuit which would 
make it possible to reverse the flow direction. Even if one of the main pumps 
is shut down and all valves, including the check, remain open in that loop, the 
flow cannot be reversed through the vessel. 

The system pressure is determined by the helium gas pressure in the surge 
volume at the top of the reactor vessel. This reference pressure is set at 
200 psig, which is somewhat greater than the pressure required to suppress 
boiling at the core hot spot at the normal 16,600 gpm flow rate and full rea~tor 
power. The hot spot surface temperatures for a freshly-fueled core and the 
normal core are 359 and 344°F, respectively. The cover gas pressures which 
give saturation temperatures at the hot spot equal to these values are 164 
and 137 psig. 

Pressures at various points in the primary circuit are shown in Figure 5.2. 
The reactor inlet pressure of 203 psig is obtained from the surge volume pres
sure by the addition of about 3 psi in static head. The reactor vessel pressure 
drop from inlet to outlet is about 32.5 psi, with 33.2 psi frictional loss and 
1.7 psi gain from static head difference. About 31 psi of the vessel frictional 
loss is due to the core. The piping, valves, and flowmeter in the section from 
the reactor outlet to the pump suctions have a frictional pressure loss of 4.3 
psi. This, together with a gain in pressure of 14.3 psi from the static head 
difference gives a pressure increase of 10 psi, and a pump suction pressure of 
181 psig. The pressure gain through the pumps is 69 psi at 8300 gpm each 
(see Figure 5.8). The discharge pressure is 250 psig. The section of the 
primary circuit from the pump discharges to the reactor inlet has a pressure 
drop of 47 psi, composed of frictional losses of 8.6 psi in the main coolers, 
18.4 psi across the throttle valves, and 4.5 psi in the piping, and a static 
head difference of 15.5 psi. 

With the pump suction pressure at 181 psig with normal pressurization and 
flow in the system, the net positive suction head requirement of 14.3 psig 
(see Figure 5.8) offers no difficulties. However, if flow is maintained and the 
system pressure lowered, cavitation will eventually occur in the pumps. For the 
normal flow rate of 16,600 gpm, a surge volume gas pressure of 34 psig will meet 
the minimum pump NPSH requirements. However, at this low pressure-normal flow 
condition the lower portions of the fuel element water channels will be close to 
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cavitating. A minimum surge volume gas pressure of 50 psig is needed to keep 
the fuel element water channels above the cavitation point at normal flow. With 
atmospheric pressure in the surge volume, a maximum flow rate of 5000 gpm (from 
either one or two pumps) can be tolerated without cavitation difficulties. The 
reactor safety system (see Section 9.5) is arranged with interlocks which 
prevent the main pumps from starting unless the cover gas pressure is above 
120 psig, and the control rods are fully inserted. Further, the withdrawal of 
rods to start the reactor requires a cover gas pressure above 180 psig, and 
normal flow conditions. If the cover gas pressure should fall while the reactor 
is operating, the rods are inserted when the gas pressure falls below 180 psig, 
and the main pumps are switched off at 120 psig. 

The primary system temperatures in the normal flow and full power condition 
are shown in Figure 5.2. The inlet temperature to the vessel is set at 120°F 
on the basis of reasonable secondary system temperatures and heat exchanger 
surface areas. It is desirable to keep the primary coolant at as low a temper
ature as possible. However, a lower limit is imposed by the temperature of the 
atmosphere, which is the ultimate heat sink. Further, too close an approach of 
the primary coolant temperature to the sink temperature means excessively large 
heat exchangers, and an accompanying increase in heavy water inventory. 

The heat rate into the coolant at full power is 130 x 106 Btu/hr. At 
the normal 16,600 gpm flow rate, the average temperature rise through the 
reactor vessel is 14.3°F. The reactor outlet temperature is thus 134.3°F 
(given in round numbers in Figure 5.2 as 134°F). 

5.4.2 COOLANT VELOCITIES. The heavy water coolant velocities in the 
primary system are given in Table 5.4-1. 

Table 5.4-1 Primary System Coolant Velocities 

Location Coolant Velocity 

Class B3C aluminum inlet and outlet 
pipes, 22-1/4 in. ID 

20 in. Sch. lOS, Class A3K stainless 
steel piping 

18 in. Sch. lOS, Classes A3K and B3K 
stainless steel piping, and 18 in. 
plug and check valves 

Primary cooler tubes 

16,600 gpm 18,000 gpm 

13.7 ft/sec 14.8 ft/sec 

17.8 19.2 

12.0 13.0 

6.8 7.3 

5.4.3 COOLANT CYCLE TIME. The average cycle time for the coolant in the 
primary system is 25.6 seconds. This figure is obtained from the primary system 
inventory of 7073 gallons and the normal flow rate of 16,600 gpm. 

5.4.4 CORROSION AND EROSION. The primary coolant system is constructed 
from stainless steel of type 304 with .06% maximum carbon or aluminum alloys 
containing less than 2% magnesium. The corrosion of the aluminum alloys is 
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discussed in Section 5.5.6. The corrosion of the stainless steel and of the 
stainless steel to aluminum alloy joints will be discussed here. The factors 
affecting corrosion are found in Table 5.4-2. 

Table 5.4-2 Factors Affecting Corrosion and Erosion 

pD of primary coolant 

Maximum operating temperature 
of primary coolant 

Minimum specific resistance 
of primary coolant 

Chloride content of primary 
coolant 

Maximum primary coolant flow 
velocity 

5.0 to 5.1 

134°F 

1 x 106 megohm-cm (before addition 
of HN03 for pD control) 

less than 1 ppm, maintained by 
purification system 

20 ft/sec 

According to the experience at the Savannah River Laboratory, the primary 
coolant acidification to a pD of 5 should greatly reduce the turbidity in the 
coolant. The fouling of stainless steel surfaces with aluminum hydroxide is 
thus expected to be quite low. The hydroxide fouling tends to absorb and 
concentrate chloride ions from the water. Even in systems of 1 ppm chloride, a 
thick hydroxide layer may concentrate the ions and lead to stress corrosion in 
stainless steel. The low pD of the HFBR coolant should eliminate this problem. 

A second factor in stress corrosion of stainless steels is the temperature, 
with 150~F normally considered the lower limit for this type of attack (5.3). 
With the HFBR water conditions such as to eliminate turbidity, with the chloride 
concentration in the water less than 1 ppm, and with the system temperatures all 
below 150°F, no stress corrosion of coolers or other stainless steel components 
is expected (5.4). 

In joints where stainless steel and aluminum are in contact, the aluminum 
side may be slightly susceptible to pitting at the point of contact, although 
evidence for this is somewhat obscure and contradictory at temperatures below 
200°F. The only case of such an attack was found at a stainless steel thermo
couple spot-welded to an aluminum fuel element. Other aluminum-stainless steel 
couples in the same water conditions (pD of 4.5) have shown no attack (5.5). 

The gaskets at the connections between stainless steel and aluminum pipes 
are Buna N, double aluminum jacketed asbestos, or natural rubber with aluminum 
gauge rings. The Buna N gasketed joints should present no corrosion problem. 
In the case of the double aluminum jacketed asbestos and the natural rubber with 
aluminum rings, any attack would be on the aluminum portion of the gasket 
itself, which can be replaced. In any case, the attack would be of the pitting 
type at the gasket, and if severe enough would lead to small leaks at the joint 
rather than a gross failure of the pipe. All aluminum to stainless steel 
gasketed joints are accessible for inspection and maintenance during shutdowns. 

The flow velocities in the primary system are well within the safe range 
from an erosion standpoint for type 304 stainless steel, where no effects should 
be noticed at velocities of less than 100 ft/sec at 135°F (5.6). 
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5.4.5 EFFECTS OF SUDDEN CHANGES IN VALVE SETTINGS. Consideration must be 
given to the possibility of water hammer and other effects resulting from the 
sudden closing of primary coolant loop valves and to the effects of the rapid 
depressurization which would result from the sudden opening of vent valves in 
the helium system. 

The primary system check valves may be excluded from these considerations 
because the only effect which would cause one to close suddenly is a failure of 
the pump in that circuit while the other pump continues to run. Even so, the 
clQsing will be soft because the water velocity in the failed loop must come 
nearly to zero before the check valve will close (see Section 5.3.3.5). 

The other two sets of valves, the primary control valves HCV-lOlA and B, 
and the pump suction valves HC-102A and B, are rotating plug valves and w~ll 
ch~nge position only when acted upon by the motorized valve operators. They 
cannot snap closed, therefore. The valve operators take long enough to close 
the valves so that water hammer will not occur. The closure time depends upon 
the air supply pressure and upon speed-limiting orifices in the air supply and 
exhaust lines from the air motors or air cylinders. Valve operation will be 
~hecked during the working-in period for the primary system, and the air supply 
pressure and speed-limiting orifices set to insure that the closure time is 
long, about 40 seconds. 

Although water hammer can be eliminated by adjusting valve closing times, 
it is possible that the control valves or suction valves might be inadvertently 
closed with the reactor at powez. Such an action will initiate a scram from the 
core pressure drop instruments. With the primary valves closed the afterheat is 
removed by the shutdown cooling system, which is not affected by the primary 
valve positions. Since the valve closure time is approximately equal to the 
main pump coastdown time of 45 seconds (to shutdown flow level), the fuel temp
erature behavior in the valve closure case is the same as in the coastdown case. 
Reference may be made to Section 4.7.11 for a discussion of the coastdown case. 

There are a number of valves in the reactor surge volume exhaust system 
(see Section 7.4.4) which could be opened accidentally, thus depressurizing the 
system quickly. The likelihood of the relief valves SV-lOlA and B operating 
accidentally is remote since they are not provided with an external activating 
mechanism. On the other hand, the accidental opening of the reactor depres
surizing valve HCe-102 is possible, as is the inadvertent opening of one of the 
bypass hand valves in the helium exhaust lines. The accidental depressurization 
of the system is considered in detail in Section 14.3.5. Briefly, the reactor 
is scrammed and the main pumps are switched off by the pressure instruments, and 
the shutdown cooling system assumes the afterheat load. No core overheating or 
damage results, nor is there damage to the main pumps. 

5.4.6 RADIATION EFFECTS ON MATERIALS. The radiation level to which the 
primary system components are subjected does not exceed 400 r/hr and in most 
places is less than 100 r/hr, with the exception of the reactor vessel, dis
cussed in Section 5.5. The source of activity is the heavy water itself, which 
is activated in passing through the core region. The radiation is almost 
entirely due to the energetic gamma rays from N-16. These levels of gamma 
radiation have no effect on the metallic materials employed in the heavy water 
systems and, therefore, radiation problems played no role in the selection of 
the metallic materials. 

In the choice of gaskets, valve packings, and windings for pump motors, 
however, radiation considerations play an important part. Flexitallic gaskets 
made of stainless steel and asbestos are radiation resistant to a high degree, 
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as are the double aluminum jacketed asbestos gaskets. Where gaskets from 
elastomers are required, elastomers such as Buna S, Buna N, and polyurethane, 
which have a high radiation resistance are employed. Teflon for valve stem 
packings in low radiation level areas was chosen for its unique mechanical 
characteristics. Valve packings in high radiation level areas are of graphite
impregnated braided asbestos or molded polyurethane, both of which have a high 
radiation resistance. 

Special radiation resistant insulation is used in motor windings of the 
primary, shutdown, and experimental facilities cooling pumps. 

5.4.7 PRIMARY-SECONDARY PRESSURE DIFFERENCE. The primary system is main
tained at a higher pressure than the secondary system to prevent in-leakage of 
light water. The points where the two systems could leak into one another are 
in the main coolers, EA-101A and EA-101B, and in the shutdown cooler, EA-103. 
The secondary pressure in the main coolers is about 45 psig in normal operation, 
as against 240 psig for the primary pressure. In the event of leaks in the main 
coolers, the leakage will thus be toward the secondary side. At shutdowns, the 
secondary sides of the main coolers are closed off by valves in both inlet and 
outlet lines, and are vented at elevation 103 ft-1 in., several feet above the 
cooler shells. The secondary pressure in the coolers is then just the static 
head from elevation 103 ft-1 in. to the bottoms of the shells. The primary 
pressure during shutdowns, with the cover gas reduced to atmospheric pressure, 
is the heavy water static head from the free surface at elevation 132 ft-11 in. 
In these shutdown conditio~s, the cooler primary pressure is greater than the 
secondary pressure by 14-1/3 psi at the top of the shell and 14-3/4 psi at the 
bottom of the shell. Leakage during shutdowns, therefore, is also toward the 
secondary side. The primary-secondary pressure difference is continuously 
monitored by instruments which give an alarm in the control room if the differ
ence in either cooler falls below 10 psi (see Section 9.4.3.2). 

The secondary pressure in the shutdown cooler is 5 psig at the inlet and 
1 psig at the outlet, for both normal operation and shutdown conditions. The 
low secondary pressure is obtained by discharging the effluent to the GA-303 
sump at an elevation below the shutdown cooler (see Section 7.1.1). The shut
down cooler primary pressure is about 215 psig during normal operation, and is 
a minimum of 17 psig at shutdown from the heavy water static head. Any leakage 
which might occur in the shutdown cooler is, therefore, toward the secondary 
side. 

5.5 REACTOR VESSEL 

5.5.1 GENERAL DESCRIPTION. The reactor vessel contains the active core, 
reflector, and control elements, and provides space and access for the 16 
experimental facilities which utilize the high neutron flux in the core region. 
The pressurized heavy water coolant flows through the vessel, cools the core, 
acts as both a moderator and reflector, and provides shielding for manual 
refueling. The vessel has many design and construction features to facilitate 
safe and efficient refueling and experiment handling operations. 

The vessel was designed, fabricated, and tested in accordance with the 
ASME Boiler and Pressure Vessel Code for Unfired Pressure Vessels, Section VIII, 
1959 Edition, including all revisions, addenda, and applicable code case rulings 
in effect at the date of award of the construction contract. 

The design of the vessel is as described by the following drawings: 

E4653-5000, Reactor Vessel Assembly 



E4653-500l, Reactor 
E4653-5002, Reactor 
E4653-5003, Reactor 
E4653-5004, Reactor 
E4653-5007, Reactor 
E4653-5010, Reactor 
E4653-5012, Reactor 
E4653-5013, Reactor 
E4653-5014, Reactor 
E4653-5015, Reactor 
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Vessel Miscellaneous Sections 
Vessel 
Vessel Lower Section 
Vessel Upper Section 
Vessel Assembly, Cover Plate 
Vessel, Vessel Details and Miscellaneous Sections 
Vessel, Vessel Details and Miscellaneous Sections 
Vessel Assembly, Bora! Sheet Shielding 
Vessel Assembly, Vessel Closure 
Vessel, Anti-Critical Grid Installation and Details 

These drawings are shown in Figures 5.11 through 5.21. They are taken from the 
detailed Combustion Engineering report on the vessel (5.7) which serves as a 
general reference for much of the material reported here. 

The vessel consists of an 82 in. inside diameter spherical section welded 
via a transition piece to a 46 in. inside diameter cylinder. The over-all 
height is 21 ft-3 in. The vessel is of aluminum, type 6061-T6, of varying 
thicknesses: the sphere is 1-3/4 in., the transition piece is 2-1/2 in., and 
the cylinder is 2-1/4 in. and 2-1/16 in. The upper end of the cylindrical 
section is flanged for bolting to the vessel closure. Support arrangements are 
provided in the cylindrical section for the core structure and control rod drive 
units described in Sections 4.4 and 9.7, respectively. 

The vessel closure is of stainless steel, type 304, with .06% maximum 
carbon. It consists of a flate plate with a 29-3/4 in. inside diameter nozzle 
in the center for fueling and maintenance of control rods and drive mechanisms. 
This access nozzle is closed by a flat plate with a central viewing port. On 
the inside of the assembly, seats are provided in the closure for the main 
control rod shock supports described in Section 9.7. The closure is bolted to 
the cylindrical section. A double gasket seal arrangement is used to insure a 
tight joint. The gaskets are aluminum-jacketed asbestos and Buna N. 

The vessel is provided with a variety of nozzles and penentrations. Their 
function, size, and location are given in Table 5.5-1. All nozzle and.penetra
tion configurations conform to those shown in the ASME Code, Figure UW-16.1, and 
identified as (q-1), (q-2), (q-3) modified, and/or (q-4). The over-all height 
of the completed assembly from the bottom of the spherical section to the top of 
the viewing port is 24.75 ft. 

The vessel assembly is supported by six brackets welded to the outside of 
the cylindrical section just below the main coolant effluent nozzle. These 
brackets are bolted to the upper thermal shield assembly described in Section 
10.2. Radial guides located approximately six feet above these supports prevent 
rotation of the vessel while permitting vertical thermal expansion. The radial 
guides engage brackets in a heavy shield floor assembly in the reactor pit. 
Figure 8.2 shows the vessel in the shield pit. The support brackets are seen in 
Figure 8.2 just above the thermal shield. The radial guides are at the eleva
tion of the inlet nozzle centerline. Above the radial guides, at the level of 
the pit seal floor, a ring flange is welded to the vessel neck. A neoprene seal 
gasket is bolted to this flange and to the shield floor as part of the lower pit 
gas seal arrangement (see Sections 7.7 and 10.3.2). 

Vessel geometry selection was based on safeguard considerations, experi
mental requirements, and convenience in handling core components. The long 
cylindrical portion of the vessel provides heavy water shielding during fuel 
handling. The spherical shape of the lower section requires less heavy water 
than a cylindrical shape which would give the same reflector thickness around 
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Table 5.5-1 Reactor Vessel Nozzles and Penetrations 

Nurnber 

6 

2 

1 

3 

1 

2 

1 

4 

1 

1 

1 

1 

1 

8 

8 

2 

4 

5 

1 

Inside 
Diameter 

3.50 in. 

6.00 

12.00 

3.50 

29.00 

• 957 

29.00 

.622 

5. 761 

3.876 

1.939 

1.939 

.742 

4.000 

4.000 

5.761 

3.25 
x 

4.5 

2.5 

6.0 

Purpose 

Horizontal neutron beam tubes 
H-1, 2 I 3 I 5 I 7 I 8 

Horizontal dual neutron beam 
tubes H-4, 6 

Horizontal cold neutron 
facility H-9 

Reflector neutron irradiation 
facilities V-10, 11, 12 

Main coolant effluent 

Liquid level bubblers 

Main coolant influent 

Flow reversal valve pilot lines 

Shutdown cooling influent 

Anti-siphon line 

Helium influent 

Helium effluent/safety valves 

Liquid level 

Main control rods 

Auxiliary control rods 

Fuel handling periscopes 

Core irradiation facilities 
V-13, 14, 15, 16 

Spare ports 

Sight glass 

Location in Vessel 

Near sphere midplane 

" 

Sphere, upper half 

El. 125 ft-4 in. 

II 128 ft-1 in • 

128 ft-10 in. 

128 ft-10 in. 

133 ft-1 in. 

133 ft-1 in. 

II 134 ft-4 in. 

Closure 

Closure 

El. 131 ft-4 in. 

II 132 ft-1-1/2 in. 

133 ft-3-3/32 in. 

Closure 

Closure 

Closure 

the core. All piping penetrations are located above the core in order to pre
vent the heavy water from draining below the core level in case of a leak in the 
external system. A siphon-break line connects the upper cylindrical section 
with the primary effluent piping to prevent siphoning of water from the vessel 
in case of a major break in the external piping system. Control rod drive unit 
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penetrations are also located above the core to minimize the possibility of 
losing heavy water. 

The arrangement of the vessel closure assembly provides a central large 
opening for fuel handling which can be opened without disturbing the core-edge 
and in-core irradiation thimbles (V-13, 14, 15, and 16). The thimbles are 
flange-connected to the closure assembly on the large diameter shoulder. The 
entire closure assembly need be removed only for changing the internal shroud 
and grid plate. Control rod mechanisms in the vessel can be serviced and 
changed from the fuel handling opening. 

The vessel internals are described in Section 4.4 and are shown in 
Figure 4.14. The flow of heavy water through the reactor vessel is shown in 
Figure 5.2. Heavy water enters the 46 in. diameter vessel neck at a velocity 
of 8-1/4 ft/sec. The heavy water is directed downward by the shroud and 
through the fuel elements in the core. The velocity of the heavy water past 
the fuel element plates is 35 ft/sec. Once past the fuel elements a portion 
of the heavy water flows downward through the lattice plate. However, to 
lessen the velocity of water through the plate, much of the flow passes 
directly to the reflector through cut-outs in the lower column sections of the 
fuel elements. 

Heavy water which passes through the lattice plate is diffused by the plate 
support saddles and anti-critical grid and is turned upward. Water in the 
reflector region flows upward through the annulus formed by the reactor vessel 
neck and the shroud and out of the vessel into the pump suction line at an exit 
velocity of 8-1/4 ft/sec. 

5.5.2 MECHANICAL LOADING CONDITIONS. The mechanical loadings considered 
in the design of the vessel included externally and internally applied pressure, 
piping reactions due to thermal expansion and fluid flow forces within the 
associated piping systems, weight of vessel and its normal contents, fluid flow 
forces within the vessel, impact loads, such as control rod scram shock and 
rapidly fluctuating pressures, and seismic loads. 

5.5.2.1 Pressure. The vessel will operate with a·cover gas pressure of 
200 psig which is established by the required pressurization at the core hot 
spots to suppress boiling. The internal pressure used for all design calcu
lations was 275 psig. 

As described in Section 7.4 the primary system is pressurized by adjusting 
the helium pressure applied to the vessel expansion volume. The helium is 
supplied from a bank of storage cylinders on the equipment level of the build
ing. Appropriate manifolds and pressure reducing valves are used to set and 
maintain the cover gas pressure in the vessel. A malfunction of the latter 
valves could cause an increase in vessel internal pressure. The increase would 
be a gradual one since the helium is introduced into the system from the storage 
cylinders through a 3/8 in. line, while the influent and effluent helium con
nections to the vessel are 2 in. lines and the cover gas volume is relatively 
large, approximately 27 ft3 at operating conditions. Possible overpressure 
caused by this equipment malfunction is prevented by two vessel relief valves, 
SV-lOlA and B, set in accordance with the ASME Code at 275 psig. 

A further overpressure case which was considered is that resulting from 
filling the vessel completely with heavy water and letting the transfer pumps 
continue to run. The worst set of circumstances for this case are as follows. 
The primary system, including the vessel, is closed. The storage tank FA-101 is 
pressurized to the tank relief pressure, 50 psig, and the transfer pump GA-104B 



5 - 25 

is allowed to pump into the primary system. The liquid level in the vessel will 
rise to fill the surge volume completely. At 275 psig at the vessel top, the 
relief valves will open and spill water into the exhaust gas piping. The trans
fer pump flow capacity at 225 psi head (the difference between the storage tank 
maximum pressure and the vessel relief valve setting) is 15 gpm. The relief 
valves have a liquid discharge capacity of 348 gpm at 275 psi (see Section 
5.3.5), and even with pipe friction losses considered the relief system will 
pass about 170 gpm at 275 psi. Thus, the relief capacity is ample to cover 
this unlikely overfill case. 

5.5.2.2 Piping Reactions. Calculations of the reactions on the vessel 
main inlet and outlet nozzles due to the thermal expansion of the primary piping 
and associated equipment, i.e., pumps, valves and heat exchangers, have been 
made for normal operation with two loops. In this case, the system from the 
exchangers to the vessel is assumed to be at 120°F and from the vessel back to 
the exchanger at 150°F. 

The resulting forces Fx, Fy, Fz, and moments Mx, My, Mz in a Cartesian 
coordinate system with "y" vertical and "x" in the horizontal plane of the 
nozzle along the centerline are given in Table 5.5-2. 

Table 5.5-2 Reactions on the Reactor Vessel Inlet and Outlet Nozzles 
(Forces are in pounds; moments in inch-pounds) 

Fx 2Y_ Fz Mx !:!Y Mz 

outlet nozzle: 
Thermal expansion +260 +172 0 0 0 +64,920 
Fluid flow +1507 +2556 0 0 0 +107,352 

Inlet nozzle: 
Thermal expansion +254 +188 0 0 0 +52,980 
Fluid flow -1507 +2556 0 0 0 -107,352 

The nozzle reactions are seen to be small. On this basis, a second case 
of operation with one loop shut down, i.e., with one loop operating at the 
temperatures given above and the other loop at 70°F, was not fully analyzed. 
Rather, approximations were made to give the order of magnitude of the 
reactions. These indicated that a full analysis was hardly warranted. 

The piping reactions on the nozzles due to fluid flow are also given in 
Table 5.5-2. These resultants are based on a primary flow of 25,000 gpm whereas 
the normal flow rate is 16,600 gpm. 

5.5.2.3 Weight. The static weight of the vessel and its normal contents 
are tabulated in Table 5.5-3. 

5.5.2.4 Fluid Flow Reactions. The calculated fluid flow forces within the 
vessel are tabulated in Table 5.5-4. 

5.5.2.5 Impact Loads. The impact load transmitted to the vessel through 
the control rod supports by a normal (wet) scram is 1912 lbs per drive, or about 
15,300 lbs. In a dry scram the force per drive is 45,500 lbs, for a total 
impact force of 364,000 lbs. The vessel was designed for a dry scram shock load 
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of 560,000 lbs. The pressure surges which might be generated in the HFBR by 
reactor power transients are small, and would not cause the vessel pressure to 
exceed the 275 psig design value (see Section 14.2.6). 

Table 5.5-3 Reactor Vessel Static Weights 

Component weisht 

vessel 

Vessel Closure 

Anti-Critical Grid 

Shroud 

Transition Plate 

Lattice Plate 

Fuel Elements and Thimble Shrouds 
(30 at 12.5 lbs each) 

Control Rod Mechanisms 

Control Rod Blades 

D20 Inventory at 70°F 
(291 ft 3 at 69 lbs/ft3 ) 

Total 

Table 5.5-4 Reactor Vessel Internal Fluid Flow Forces 

10,000 lbs 

5,910 

400 

1,017 

263 

130 

375 

6,852 

278 

20,100 

45,325 

Component Calculated Force 

Shroud Drag 37,400 lbs 

Fuel Element and Shroud Drag 
(30 at 287 lbs) 

Jet Action, Bottom of Sphere 

8,610 

3,000 

5.5.2.6 Seismic Loads. The vessel is designed to withstand horizontal 
accelerations of 0.1 g (98 cm/sec2 ), which is in the range of an intensity VIII 
earthquake, as outlined in Section 2.5. 

5.5.3 STEADY STATE THERMAL LOADING AND TEMPERATURE CONDITIONS 

5.5.3.1 Thermal Loading. The steady state thermal loadings co~sidered in 
the design of the vessel can be classified under three categories~ internal 
loadings caused by temperature gradients in the vessel walls, constraints on 
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thermal expansion imposed by external forces, and thermal loadings at structural 
discontinuities. 

The thermal stress caused by internal gradients is inversely proportional 
to the material thermal conductivity, which is high for aluminum. The heating 
rates in the vessel wall are not large enough to cause appreciable stresses 
from this source, and are not a limiting factor in the vessel design. Further, 
since all external connections and supports are designed to allow for free 
thermal expansion of the vessel, the externally imposed constraints on thermal 
expansion have negligible effect. The third category, thermal loadings at 
structural discontinuities, does introduce significant stresses and these have 
been included in the stress analysis of the vessel where applicable. 

5.5.3.2 Radiation Heat Generation. The vessel is designed for the volu
metric radiation absorption heating rates shown on Figures 5.22, 5.23, and 5.24. 
Figures 5.22 and 5.23, which cover design parameters at normal operating con
ditions, are based on conservative theoretical calculations supplemented by 
some early results from the critical experiment program. Figure 5.24, which 
covers design parameters at shutdown conditions, is based on various published 
data on fission product decay heating (5.8). 

5.5.3.3 Temperature Conditions. The temperature distributions along the 
horizontal beam tubes H-1 and H-9, including the transitions between the sphere 
and the tube nozzles were calculated for two cases at normal operating condi
tions. In Case I the best estimate of an average film coefficient was used to 
calculate the temperature distribution. In Case-II it was pessimistically 
assumed that local boiling occurs at the acute angle section in the transition 
zone. Temperature distributions for these cases are shown in Figures 5.25 and 
5.26. Temperatures for Case II are indicated by the numbers in the rectangles. 

The temperature distribution in beam tube H-1 was subsequently used in the 
analysis for the other beam tubes, H-2 through H-8. Since the H-1 heating is 
the highest of the group, the results are conservative for the other tubes, 
except for H-2, where the heating rates are comparable to those in H-1. The 
temperature distribution in the spherical part of the vessel away from beam 
tubes was calculated at normal operating conditions. This distribution is 
shown on Figure 5.27. Temperature measurements will be made on the vessel 
during th.e startup experiments; see Section 12.4.3. 

5.5.4 THERMAL TRANSIENT LOADING CONDITIONS. A conventional thermal 
transient analysis has not been performed for the reactor vessel since (1) there 
are no thick sections of steel (except for the closure which will be discussed 
separately), (2) the coolant is maintained at relatively low temperature and 
pressure, (3) the thermal conductivity of the metal (aluminum) is exceedingly 
good, and (4) the surface heat transfer film coefficient is relatively poor. 
Therefore, it is difficult to postulate a case in which high thermal stresses 
would be imposed in the reactor vessel by a transient operating condition. 

The velocity of the coolant at the spherical vessel wall is low and the 
resulting coefficient for heat transfer by forced convection is essentially that 
for natural convection. In natural convection cooling the film coefficient 
increases as the cube root of the temperature difference between the metal and 
the bulk fluid. The film temperature drop has to become quite high before much 
heat is transferred and this, coupled with the excellent thermal conductivity 
of aluminum, tends to make the temperature difference across the vessel wall 
quite small. 

The possibility of the vessel wall being heated or cooled suddenly by the 
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coolant has been considered. During a startup from cold conditions the coolant 
is not appreciably preheated by the circulating pumps as long as there is cool
ing water flow in the primary coolers. The heating of the vessel wall is due to 
radiation absorption as the reactor comes to power. Based on the minimum posi
tive period for setback by the safety system, at least 75 seconds are required 
to heat the wall from essentially ambient temperatures to normal operating 
temperatures. Heating will be nearly uniform throughout the wall and the largest 
temperature difference across the wall occurs at full reactor power when the 
film coefficient reaches its maximum value. At full power, the temperature dif
ference across the vessel wall in the spherical section approaches a maximum of 
l0°F and in the cylindrical section 15°F (see Figure 5.27). The internal ther
mal stresses from these temperature gradients are small, 1000 to 1500 psi. 

When the reactor is scrammed, the heat generation rate in the wall drops 
90% in one second. The decrease in temperature will be uniform, that· is, the 
temperature difference across the wall will remain the same or decrease during 
this transient. Curves of heating rate after a shutdown (see Figure 5.24) 
indicate that the heating rate in the vessel wall at one hundred seconds after 
shutdown will be .01 watts/gram or 1/26 the heating rate during normal full 
power operation. At this level of heat input, the natural convection driving 
force is very low and heat transfer to the coolant will probably be by forced 
convection. It is estimated that the temperature drop across the film will be 
approximately 2-l/2°F and that across the metal 0.3°F. 

The stainless steel closure will be heated and cooled primarily by the 
fluid contained in the vessel. Normal startup specifies that the vessel be 
pressurized before reactor heat is produced. Pressurization.is accomplished by 
pumping helium into the top of the vessel. During normal operation, helium is 
circulated at a very slow rate through the top of the vessel. The temperature 
of the helium should never rise above the coolant temperature. If the helium 
pressure diminishes and hot water rises to the closure, the surface heat trans
fer coefficient will be low and the flow rate of heat from the fluid to the 
closure will be low. Stresses in the closure from thermal transients are, 
therefore, negligible. 

5.5.5 NEUTRON IRRADIATION EXPOSURE. The maximum neutron irradiation 
exposure of the vessel occurs at the tip of beam tube H-1. The neutron expo
sure, or time-integrated flux (nvt), for two energy groups (0-1 Mev and >l Mev), 
assuming a 90.5% load factor for a 25 year vessel life, is given in Table 5.5-5. 
The flux densities are based on the results of critical experiments, supple
mented by theoretical calculations. 

Table 5.5-5 Reactor Vessel Maximum Neutron Exposure (Beam Tube H-1 Tip) 

nLcm2-sec 
Integrated Flux 

Enersy GrouE Flux 1 nvt/yr nvt/25 years 

0 -1 Mev 1.45 x 1015 4.1 x 1022 1 x 1024 

>l Mev 6.3 x 1013 1.8 x 1021 4.5 x 1022 

In general, exposure to neutrons per se does not produce large changes in 
the properties of aluminum and its alloys. A program of aluminum alloy irradi
ations has been under way for some time at the ETR (5.9). At the present stage 
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of the program, several alloys have been irradiated at temperatures of 150°F to 
fast neutron exposure of 1.17 x 1021 nvt (>l Mev). Of the materials tested, 
which included 356, 6061-T6, and 2024-T3 aluminum alloys, 6061-T6 showed the 
least radiation effects, as shown in Figure 5.28. This surveillance program is 
still in progress and specimens of the various alloys are in the ETR receiving 
higher doses of radiation. The 6061-T6 samples in the ETR program will receive 
as much as 1 x 1023 nvt (>l Mev) before they are removed for testing in 
1967 - 1968. 

Recent unpublished data from Phillips Petroleum Co. (5.10) indicate that 
6061-T6 aluminum exposed to 2.6 x 1022 nvt (>l Mev) at 15B°F had a Rockwell 
hardness of B70. Thus, the hardness was increased from approximately B50 to B70 
by this neutron irradiation. There does exist one report (5.11) which suggests 
that a precipitation hardening alloy such as 2024-T3 can revert to essentially 
the fully annealed condition after an exposure of 8.5 x 1019 nvt (>l Mev) at 
high temperatures. However, the value of this data is limited since the speci
men operating temperatures are unknown, i.e., the experiment was conducted 
without instrumentation to determine specimen temperatures. Although the author 
calculated the highest temperature to be 275°F using estimated heating rates and 
heat transfer efficiencies, there still remains considerable doubt as to the 
actual temperature of the specimens during irradiation. 

Aging and overaging of 6061 are due to the precipitation from the super
saturated solid solution (in Al) of Mg and Si (as Mg2Si). As Mg and Si atoms 
tend to associate by diffusion, the lattice becomes distorted in an attempt to 
accommodate the new Mg2Si lattice. The result is that the alloy becomes 
stronger and harder. At the T-6 condition, there are no distinct crystals of 
Mg2Si in the alloy, only highly strained zones (commonly called Guinier-Preston 
zones) trying unsuccessfully to accommodate structurally to the lattice. In 
time, these zones will grow, first into nuclei and later into crystallites of 
Mg 2Si. Such an alloy is softer than T-6, since the aluminum lattice is no 
longer internally strained. The lattice is said to have become "slightly 
overaged", at this condition. With further aging, the Mg 2Si is completely 
precipitated in a number of larger crystallites. Such a fully-precipitated 
(and fully-overaged) alloy is defined as fully annealed or T-0 temper. 

All of the above processes require the diffusion of Mg and Si and a source 
of energy to nucleate the new phase. Therefore, both the rate and end point are 
temperature dependent. Radiation is known to enhance diffusion, and therefore 
might be expected to enhance aging and overaging in precipitation hardened 
alloys. From the Phillips Petroleum data (5.9, 5.10) it might be deduced that 
the radiation induced overaging phenomenon is also temperature dependent. Data 
to base an exact estimate of the over-all effect of radiation are not currently 
available. The ETR data were obtained at approximately 3 times the maximum flux 
density at which the HFBR beam tubes will be exposed. It is estimated that the 
in-reactor overaging should act as if the alloy were 80°C (144°F) hotter than 
the measured temperature (5.12). This estimate is based on ETR flux levels and 
is certainly conservative since no overaging effects were noted in any of the 
ETR data. 

The maximum calculated temperature at the tip of beam tube H-1 is 300°F. 
This temperature is based on a full power heating rate of 11.5 watts/gm, as 
given in Figure 5.22. Recent critical experiment results indicate that the 
actual heating rate will be about 7.4 watts/gm (see Section 4.7.8). Using the 
lower heating rate, the maximum temperature at the tip of H-1 will be 243°F 
at full power. 

Based on the above considerations we believe that the established design 
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condition for the beam tubes of 275 psig and 400°F are adequate for the full 25 
year life of the vessel. Further, since the neutron exposure at the spherical 
wall of the reactor vessel is less than that of the beam tubes by a large factor 
(- 104 for >l Mev neutrons), we believe the over-all design to be adequate from 
the standpoint of neutron irradiation exposure. 

5.5.6 CORROSION. outside of general hardware, i.e., nuts, bolts, washers, 
etc., the vessel is constructed of two materials. The vessel closure assembly 
is stainless steel, type 304, with .06% maximum carbon and the vessel proper is 
aluminum, type 6061-T6. At the normal flow rates in the vessel and associated 
piping, 8-1/4 ft/sec in the vessel and 14-1/2 ft/sec in the 22-1/4 in. ID 
pipes, erosion is negligible. Furthermore, since the closure is not in contact 
with the primary coolant during normal operation only general aluminum corrosion 
need be considered. 

In general, the corrosion resistance of aluminum alloys to water is due to 
the formation of a uniform film of hydrated Al203 which greatly reduces the rate 
of subsequent reaction. At temperatures above 175°F this film tends to become 
crystalline and porous, giving access to the aluminum surface for further 
reaction. The critical factor is the re-formation of the protective film. On 
6061 aluminum alloy it does reform, and remains at essentially a constant thick
ness over many years. 

The behavior of the atomic hydrogen produced by the reaction which forms 
the protective film is also critical. Its migration and subsequent reaction 
with another atom of hydrogen to form H2 can destroy the film and, indeed, does 
so on highly pure aluminum at temperatures above 260°F. However, impurities in 
the metal with lower hydrogen overvoltages than aluminum promote the formation 
of H2 without damage to the film. Nickel is the most effective impurity in . 
this regard. Iron and silicon are also effective, and are present in sufficient 
amounts in 6061 alloy to eliminate this difficulty at the design temperatures. 

While the protective film thickness remains essentially constant, the over
all oxide layer is continuously growing at approximately a linear rate equal to 
the corrosion rate (5.13). Most of this oxide layer is crystalline and porous. 
It does not prevent access of additional water to the thin protective layer, but 
serves as a heat flow barrier between the metal and the water. Thus, when heat 
is generated in the metal from radiation heating, the temperature continuously 
rises at the interface where the rate-controlling reaction is occurring. The 
thermal conductivity of the film formed at 131 to 223°F is approximately 
1.3 Btu/hr-ft2-°F/ft (5.13). 

The best data available on aluminum corrosion as a function of pH and 
temperature is based on the work of Draley and Ruther for 1100 Al (5.14). Since 
there is little difference in the corrosion rates of 6061 and 1100 Al up to 
400°F, this data was used to calculate the expected corrosion of the vessel 6061 
aluminum material, which is given in Table 5.5-6. 

The data in Table 5.5-6 indicate that the steady state corrosion rate of 
6061 aluminum is reduced at temperatures of 250-400°F by factors of 1.5 to 3 by 
acidifying the water to pH 5 from pH 7. This also decreases the temperature 
drop through the oxide film by the same factors, and in turn reduces the 
temperature at the point where the temperature-dependent rate-controlling 
surface reaction is occurring. Acidification is therefore warranted and the 
primary coolant will be maintained at a pD of 5. Based on a design life of 
25 years, the expected and design values for corrosion and erosion allowance 
at pertinent locations in the vessel are tabulated in Table 5.5-7. 
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Table 5.5-6 Type 6061-TO, T4, and T6 Aluminum Corrosion Rates 

Temperature 
OC Op 

125 257 

150 302 

175 347 

200 392 

pH 

5 
7 
8.5 

5 
7 
8.5 

5 
7 
8.5 

5 
7 
8.5 

Steady State Rate 
mils/day 

.87 x 10-4 

l.46 
8.4 

1.9 
5.25 

12.7 

4.95 
12.8 
19.0 

11. 7 
36.4 

111.0 

Total Corrosion 
mils/25 years 

0.8 
1.4 
7.6 

1.8 
4.8 

11.6 

4.5 
11.8 
18.0 

10.6 
33.8 

101.0 

Table 5.5-7 Vessel Corrosion and Erosion Allowance 

Material Location 

Stainless Closure 
Steel, 304 

Aluminum, 
6061 

Cylindrical 
section 

Spherical section 

Beam tube & thimble 
walls except finned 
areas 

Finned areas of 
beam tubes 

Max. Operating 
Temperature 

l30°F 

160 

250 

300 

200 

Corrosion-Erosion 
Expected Design 

Allowance 

O in. 0 in. 

<. 0008 .030 min. 

.0008 .125 

.0018 .060 

<.0008 0 

5.5.7 MATERIALS OF CONSTRUCTION. The vessel is constructed of two 
materials, 304 stainless steel and 6061 aluminum. In general, these were fur
nished in accordance with applicable standard material specifications subject to 
the following amendments: (1) the chemical composition was determined by ladle 
analysis at the mill and by a check analysis by the vessel fabricator, (2) 
ultrasonic inspection in accordance with the requirements of Military Standard, 
Non-destructive Testing Requirements for Metals, MIL-STD-271B (SHIPS), was 
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performed on 1 in. centers in longitudinal and lateral directions for all plate, 
piping, tubes, bars, forgings and extrusions. 

The applicable material specifications covering all significant forms of 
materials used in construction of the vessel are given in Table 5.5-8. 

Table 5.5-8 Reactor Vessel Materials of Construction 

Description 

Closure Assembly 

Sphere, Transition Section 
and Cylindrical Section(s) 

Nozzles and Penetrations 
(Refer Table 5.5-1), Top 
Flange, Beam Tubes and 
Thimbles 

Support Brackets, Shroud 
Support Ring, Seal Ring 
Flange, Grid Plate 
Support Saddles, and 
Support Saddle Blocks 

Specification 

ASME SA-182 "Specification 
for Forged or Rolled Alloy
Stee l Pipe Flanges, Forged 
Fittings, and Valves and 
Parts for High Temperature 
Service" Type F-304 

ASME SB-209 "Specification 
for Aluminum - Alloy Sheet 
and Plate" Type 6061 

ASME SB-247 "Specification 
for Aluminum - Alloy Die 
Forgings" Type 6061 

Remarks 

Forged - Max •• 058"~ 
Carbon 

Plate procured in fully 
annealed condition, T-0 

Chemical and mechanical 
requirements as per 
specifications. Forged 
in T-0 temper, heat 
treated to T-4 temper 
by subcontractor. 
Exceptions to specifi
cations: forgings not 
produced as die forg
ings in recessed dies: 
maximum thickness of 
some forgings exceeded 
the 4 in. maximum. 

ASME SB-221 "Specification Procured in T-4 temper 
for Aluminum Extruded Bars, 
Rods, and Shapes" Type 6061 

.~5-...5_.8 DESIGN SPECIFICATIONS. The pertinent reactor vessel design condi~ 
tions are given in Table 5.5-9. 

5.5.9 STRUCTURAL DESIGN. The vessel was designed in accordance with the 
ASME Boiler and Pressure Code for Unfired Pressure Vessels, Section VIII, 
1959 Edition, including all revisions, addenda, and applicable code case rulings 
in effect at the date of award of the construction contract. In addition, 
critical areas of the vessel where discontinuity stresses could be appreciable 
were examined and analyzed in accordance with the document "Tentative Structural 
Design Basis for Reactor Pressure Vessels and Directly Associated Components" 
U. S. Dept. of Commerce, OTS Document No. PB151987, 1 December 1958, along with 
formulae from reports, documents and publications by Bijlaard, Horvay, Galletly, 
et al. 



5 - 33 

Table 5.5-9 Reactor Vessel Design Conditions 

Pressure: 
Design 
Normal operating 
Maximum surges 

Temperatures: 
Beam tubes and thimbles 
exclusive of reinforcement 
All other metal 
Normal coolant average 
Maximum transients 

Design Life 

275 psig 
200 psig 
see Section 5.5.2 

400°F 
250°F 
127° F 
see Section 5.5.4 

25 years 

Three different categories of stress were considered in the detailed stress 
analysis: 

1. Primary stresses are the direct or shear stresses developed by the 
imposed loading which is necessary to satisfy only the simple laws 
of equilibrium of external and internal forces and moments. 
Structural discontinuities are neglected in calculating the primary 
stresses. 

2. Secondary stresses are the direct or shear stresses developed by 
the constraint of adjacent parts or by self-constraint of a 
structure subjected to mechanical loadings, i.e., structural 
discontinuities. 

3. · Thermal stresses are the direct or shear stresses developed by the 
constraint of adjacent parts or by self-constraint of a structure 
subjected to thermal loadings. 

Since the code allowable stresses at various temperatures are related only 
to the primary stresses, the maximum shear stress theory was used to establish 
allowable stresses for all three categories. This criterion was applied since 
it is generally used for ductile materials, the theory is in good agreement with 
experiment, it is conservative, and it is simple to apply. 

In order to make the allowable stress limits directly comparable to data 
obtained from simple tensile tests, the "equivalent intensity of combined 
stress", defined as the difference between the algebraically largest and 
smallest principal stresses at a point, is substituted for the maximum shear 
stress. This "stress intensity" is numerically equal to twice the maximum shear 
stress at the point and is directionless. 

The allowable membrane stress intensity, Sm, i.e., primary stress, is 
established from the applicable tables in Section VIII of the Code at the design 
temperatures. 

The allowable combined mechanical stress intensity, Sp, i.e., primary and 
secondary stress intensities, is defined as the lesser of 90"fe of the yield 
strength in tension or 60% of the ultimate strength in tension at the applicable 
design temperatures. 
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The allowable combined stress intensity, Sy, i.e., primary, secondary, and 
thermal stress intensities, is established as the yield stress at the applicable 
design temperatures. 

The allowable stress intensities Sm, Sp, and Sy for the vessel materials 
at the design temperatures are compared with the Code allowable stresses, Smc, 
Spc, and Syc, in Table 5 .5-10. --;:;--. 

Table 5.5-10 Reactor Vessel Allowable Stresses, psi 

Material Sm Sm Sp (3) 
Spc 

(1) Sy (3) 
Syc 

(2) 
c 

Aluminum, 6061-T6: 

At 250°F 8500 8500 21960 12750 30500 25500 

Welded, 250° F 5400 5400 0100<4 ) 8100 16200(4 ) 16200 

At 400°F 4000 4000 9960 6000 14000 12000 

Stainless Steel, 
SA-182-F304: 

At 250° F 15625 15625 18000 23437 20000 46875 

Notes: 

1. Spc = 1.5 Smc: This is not well defined in the Code. Case 1272N-4 on 
"Containment and Intermediate Containment Vessels" established 
Spc = 1.5 Smc • However, other parts of the Code indicate that higher 
values may be used at the discretion of the designer, e.g., 
Section VIII, Par. UA-5(e). 

2. Syc = 3.0 Smc: refer Case 1273N-7. 
3. The ultimate and yield strengths for aluminum and stainless steel are 

based on values given in "Aluminum and Aluminum Alloys for Pressure 
Vessels", Welding Research Council, Bulletin 28, June 1956, and OTS 
Document No. PB151987, respectively. 

4. Based on ASME Code, since no other reliable reference is available on 
the variation of the ultimate and yield strength of 6061-T6 welded 
aluminum with temperature. 

To take full advantage of the higher allowable stresses for unwelded 
6061-T6 aluminum the following design rules were established. 

1. No welds were permitted in areas designed for 400°F, i.e., the beam 
tubes and thimbles. These pieces were machined from solid forged bars. 

2. If possible, all pressure-containing welds were located away from 
structural discontinuities. This rule was followed except in the 
transition between the sphere and the cylinder, where allowable 
stresses for welded material were used. 

Pertinent stresses in the reactor vessel, including the thermal stresses 
for temperature condition Case I (see Section 5.5.3.3), are summarized in 
Figures 5.29 through 5.34. Examination of the data shown indicates that all 
stresses are less than the established allowable stresses, and are also less 
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than the Code allowables for Smc and Spc. The Code allowable stress for Syc is 
exceeded in one location, at the junction between the hemispherical cap and the 
beam tube on facilities H-1 through H-8. Here, the outside tangential stress, 
cr80 = 12370 psi, is greater than Syc but the maximum stress intensity of 13,033 
psi is less than the established allowable, Sy. It should be noted that the 
thermal stresses in these facilities are based on the temperature distribution 
for H-1 which is the "worst case". Thus, this condition of combined stress is a 
conservative estimate of the stress in all beam tubes. Also, the allowable 
stresses are established at 400°F whereas the maximum calculated temperature 
is 300° F. 

The allowable combined stress intensity, Sy, is exceeded at the junction of 
the beam tubes with the vessel shell when the thermal stresses for temperature 
condition Case II (see Section 5.5.3.3) are included. As outlined in OTS 
Document No. PB151987, these steady state thermal stresses are considered as 
transient conditions. To treat this case the effective steady state stresses 
(combined primary and secondary stresses) are added to the effective transient 
stress (thermal stress) in accordance with the modified Goodman Fatique diagram 
and evaluated for 1300 cold start-up cycles during the 25 year life of the 
vessel. Due to the lack of low-cycle fatigue data, the allowable alternating 
stress intensity is established at 5 x 104 cycles, or a usage factor of .026. 
Under these conditions, the maximum alternating stress intensity at the junc
tions of the beam tubes with the vessel shell does not exceed the allowable 
value. Thus, if local boiling occurs at the locations considered, excessive 
stresses are not produced. 

The vessel will be instrumented to check both calculated stresses and 
temperatures during initial operations. Strain gages will be used to determine 
steady-state mechanical and thermal stresses at critical locations. The former 
will be determined during the pre-operational systems tests, and surveillance 
of the latter will be conducted during the approach to power of the plant. 
Thermocouples will be located at critical locations to supplement the strain 
gage data with accurate temperatures during this surveillance program (see 
Sections 12.4.3 and 12.5). 

5.5.10 FABRICATION, INSPECTION AND TESTING. The vessel was fabricated to 
meet the requirements of Specification CE-l-l-NY-4653 (5.15) by J. B. Beaird, 
Inc. A thoroughly trained and experienced resident inspector was assigned to 
the fabricator's shop by the Lununus Company. 

Inspection began prior to the start of any manufacturing operations oh the 
vessel. The fabricator was required to submit for review his complete fabri
cation and assembly procedures including major tests and inspections, heat 
treating, cleaning, welding, and weld examination standards. These were subject 
to approval before any work was performed. Certified copies of all test and 
inspection data were required. 

The location of all major pressure-containing weld joints is shown in 
Figure 5.35. In general, these welds are all multi-pass double "J" butt welds, 
except that the welds between the beam tubes and thimbles and the respective 
nozzles are multi-pass single "J" butt welds. Also, for the purpose of achiev
ing continuity of metal and facilitating the required radiographic examination, 
all nozzle and penetration configurations conform to those shown in the ASME 
Code, Figure UW-16.1 and identified as (q-1), (q-2), (q-3) modified, and/or 
(q-4) . 

All welding procedures, welding operators, and welding equipment were 
qualified in accordance with the ASME Code, Section IX. In addition, simulated 
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joints were made for each type of weld required on the vessel, and these samples 
were forwarded to the Lummus Co. and to BNL for inspection and approval prior to 
any production welding. For a series of joints to be qualified by a single 
simulated joint, all applicable joints had the same materials, the same joint 
preparation, the same geometry, the same welding position, the same filler 
material, the same welding equipment, the same welding operator, the same thick
ness of relative mating parts within± 20%, and the same procedure. Prior to 
approval these samples underwent extensive tests including radiographic inspec
tion, tensile tests, side bend tests and macroscopic and/or microscopic metal
lographic examinations. 

In addition, during fabrication a daily fillet weld soundness test specimen 
and a weekly tensile test specimen were made by each welding operator and/or 
welding machine for each aluminum welding procedure to be used on that day 
and/or during that week. 

All aluminum welding was don:? by the automatic and semi-automatic inert 
gas consumable electrode metal arc welding process and the inert gas shielded 
metal arc welding process with tungsten electrode. All welding was performed 
with the base metal in either the T-0 or T-4 temper except for the girth seam 
between the upper and lower cylinder sections which was done with the base metal 
in the T-6 temper. 

The aluminum filler metal used conformed to ASME Specification SB-285, 
classification ER 4043, or ALCOA Specification C-809. The latter filler metal, 
which is a mixture of 4043 and 6061, was used only in the welds between the 
beam tubes and thimbles and the respective nozzles. These areas are relatively 
thin and tests showed that the ER 4043 filler did not consistently produce welds 
which met the minimum tensile requirement of 24000 psi. The filler metal was 
purchased to standard specifications supplemented by the following special 
requirements: (1) all wire of each type was drawn from ingots of the same heat 
or batch number; (2) the wire was shaved prior to the final rolling and cleaning 
operations; (3) the wire was put on individual spools of approximately 10 pounds 
each which were specially indentified and packaged in evacuated, hermetically 
sealed plastic bags and placed in styrofoam containers; (4) a certified chemical 
analysis was furnished for each heat or batch number and a sanple of each spool 
was independently analyzed by the fabricator. 

After arrival at the fabricator's shop the wire was stored in a special 
area and each spool removed was checked off both by Beaird and the resident 
inspector. Once a container was opened the wire was kept in an inert atmosphere 
when not in use. Finally, records were kept indicating which spools of wire 
went into each weld joint. 

The stainless steel was welded by the automatic submerged arc process, the 
semi-automatic inert gas consumable electrode metal arc process, and the 
shielded metal arc process. The stainless steel filler metal used with both the 
submerged arc and inert gas consumable electrode processes conformed to ASTM 
Specification SA-371, Type 308-ELC. The covered welding electrodes used with 
the shielded metal arc process conformed with ASME Specification SA-298, 
Type 308 ELC-16. 

It is of interest to note that except for two passes in the main girth 
seam weld of the sphere, all welding was performed by one man. This rather 
unique situation introduced extremely high quality weld control and repairs 
were minimized. Actually, no repairs were required in any aluminum weld, and 
only one major repair was necessary in the stainless closure assembly girth 
seam. 
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Radiographic inspection was performed on the entire length of all completed 
pressure containing welds. In addition, a preliminary radiographic inspection 
was performed after 1/4 of the passes had been deposited in each such weld. 
This latter requirement proved to be invaluable, since most welding problems 
showed up in the root passes. The minimum porosity standards for radiographic 
examination for the stainless weld joints was established as p.er ASTM E99-55T 
Porosity (Gas) Fine-Degree B or better. Since no adequate aluminum porosity 
standards were available, they were established by mutual agreement from the 
radiographic results of the qualification weld samples. As established, this 
standard called for essentially a "water clear" weld. Slag inclusions, under
cutting, icicles, lack of penetration, and slugging were not allowed. 

Ultrasonic inspection was performed on the entire length of all completed 
aluminum pressure containing welds. The inspection was conducted in accordance 
with Case 1275N of the Code with modifications to cover both shear wave and 
longitudinal wave techniques. All welds in the spherical section were inspected 
with both longitudinal and shear wave techniques. Welds in the cylindrical 
section were inspected with just the longitudinal wave technique. All "defects" 
detected were spots of porosity which, for the most part were seen on the 
radiographs. The ultrasonic inspection of the base materials was outlined in 
Section 5.5.7. 

Liquid penetrant inspection was performed in accordance with the require-
· ments of MIL-STD-271 (SHIPS) on all highly stressed surfaces exposed to the 
primary coolant. These included the transition from the sphere to the cylin
drical section, all areas of structural discontinuities, the entire length of 
each final pass of all strength welds, the final passes of all seal welds, and 
the interior and exterior surfaces of all forgings. 

All major forming operations on the aluminum were performed with the 
material in the fully annealed condition. The individual pieces were then 
solution annealed at 970°F for 4 to 4-1/2 hours except for the lower cylindrical 
section which was held at 990°F for 3-1/2 hours and water quenched. All welding 
on the two main sub-assemblies, i.e., the sphere, transition piece, and lower 
cylindrical section, and the upper cylindrical section complete with top flange, 
was completed before they were separately artificially aged at 350 ± 5°F for 7 
hours to the final T-6 temper. 

The basic outline of the aluminum portion of the vessel is formed by only 
6 pieces. The sphere is constructed by welding together two formed and machined 
hemispheres. The transition piece, connecting the sphere to the cylindrical 
vessel neck is a spun plate with no longitudinal joint. The cylinder is con
structed of two pieces of plate, each rolled to the cylindrical shape and having 
a single longitudinal joint. The top flange ring is again a machined forging 
with no longitudinal joint. · 

During machining operations the forgings for the main coolant effluent 
nozzle and thimble V-10 nozzle were gouged. The gouge on the former had a 
maximum depth of 1/2 in., the latter was gouged to a lesser extent. These 
areas, which are both on the outside of the vessel, were "buttered up" using 
the tungsten inert gas shielded metal arc welding process with type ER 4043 
filler metal. The repaired areas were dye checked and radiographed with 
acceptable results. 

The vessel was hydrostatically tested in accordance with the ASME Code. 
The fully assembled vessel was placed in a horizontal position, provided with 
vents at all high points to purge possible air pockets, filled with filtered 
tap water at a temperature of 68°F, and pressurized to 430 psig. This pressure 
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was held for a period of one hour while all welds and connections were inspected 
for any sign of leakage. No leakage was observed. 
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Figure 5.22 Radiation heating rates in aluminum used for the design of the 
reactor vessel and beam tubes for full power operation. 
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Figure 5.23 Schematic drawing of the lower portion of the reactor vessel 
showing radiation heating in aluminum in various regions 
for full power operation (design values, in watts/gm). 
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Figure 5.24 Radiation heating rates in aluminum used for design of the reactor 
vessel and beam tubes for various times after shutdown. 
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Figure 5.25 Temperature distribution in beam tube H-1 at full power. Temperatures 
in rectangles are for local boiling conditions in the acute angle. 
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Figure 5.26 Temperature distribution in beam tube H-9 at full power. Temperatures 
in rectangles are for local boiling conditions in the acute angle. 
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Figure 5.27 Temperature distribution in the vessel wall 
away from beam tubes at full power. 
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Figure 5.30 summary of stresses in beam tube H-9, equatorial plane, 
at full power (all stresses in psi). 
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Figure 5.33 Summary of vessel flange region stresses in beam tubes H-1 through 
H-8, equatorial plane, at full power. The stresses shown are based 
on a "worst case" obtained by combining the section properties of 
H-7 (maximum angle from radial) with the H-1 temperature profile 
(highest heating rates). All stresses in psi. 
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Figure 5.34 Summary of vessel flange region stresses in beam tubes H-1 through 
H-8, meridian plane, at full power. The stresses shown are based 
on a "worst case" obtained by combining the section properties of 
H-7 (maximum angle from radial) with the H-1 temperature profile 
(highest heating rates). All stresses in psi. 
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SECTION 6. SECONDARY COOLANT SYSTEM 

6.1 GENERAL DESCRIPTION 

A central system supplies secondary cooling 'Water to the HFBR, the BGRR, 
and the air conditioning units in both reactor buildings and in the Hot Labora
tory. With the construction of the HFBR, the original system was expanded and 
revised to take care of the new loads. This section describes the complete 
system. 

The system consists of 5 induced draft cooling tower cells, each rated at 
3000 gpm of water which can be cooled from 120°F to 85°F on the average "worst" 
summer day at Brookhaven. On such a day, the outside wet bulb temperature 
should not exceed 78°F. The cells are mounted above an appropriate concrete 
basin for collection of the cool water. The system water inventory is 175,000 
gal. 

The pumping equipment consists of 4 pumps, each suitable for operation at 
5000 gpm at a head of 55 psi. Three of the pumps were installed in 1949 in a 
pump house at the south end of the tower, and the fourth is a new unit mounted 
outdoors above a pumping well at the north end of the new sections of cooling 
tower. 

Appropriate piping systems are provided for delivery of the water to the 
various units where cooling is required. Several conditions of operation are 
necessary as a result of varying loads and seasons. The flow diagram, Figure 
6.1, shows all components in the secondary cooling system and indicates the nor
mal summer water flow rates. The operation of the system is explained in the 
sections which follow. At each reactor the cooling water flows through conven
tional heat exchange units. At the BGRR, water flows through the tube side of a 
bank of ten finned-tube air coolers located in the exhaust ducts. At the HFBR, 
cooling water flows through one side of conventional shell and tube exchangers. 
Except for the primary D2o coolers, biological shield cooler, and canal cooler, 
it flows through the tube side of the exchangers. In the primary D20 coolers, 
cooling water is on the shell side in order to make the low inventory tube side 
available for D20. 

The flow diagram, Figure 6.1, identifies the various components. The ma
terials of construction for these components are listed in Table 6.1-1. 

Section 11, Radioactive Wastes and Effluents, includes a discussion of 
possible leakage from the primary D2o to the secondary system, the resulting 
concentrations of radioactive isotopes in the secondary water, the points of 
release of secondary water to the environment, and the results of these 
releases. 

6.2 WATER SUPPLY AND COMPOSITION 

The water supply for BNL is pumped from a sand formation underlying the 
surface.. The depth of the wells varies from approximately 86 ft to 147 ft below 
grade. The top of the water table varies, across the site, from about 34 ft to 
45 ft below grade. 

water drawn from the wells is typical of well water found throughout Long 
Island. The water is acid in nature and tends to be corrosive due to free co2 



6 2 

and a low dissolved solids content. Most of the wells deliver water containing 
a quantity of iron which is objectionable because it fouls heat exchange 
surfaces. 

Table 6.1-1 Cooling Tower Water System Materials 

Component Material used to Contain Cooling Tower Water 

BGRR Air coolers Copper Tubes, Copper-Plated Steel TUbe Sheet, 
Cast Iron Headers 

BGRR Air Conditioning 

Hot Lab Air Conditioning 

HFBR 

Primary n2o Coolers, 
EA-101A & B 

Shutdown n2o Cooler 
EA-103 

Experimental Facilities 
n2o cooler, EA-102 

Thermal Shield Cooler, 
EA-201 

Canal Cooler, EA-202 

Biological Shield 
Cooler, EA-203 

Absorption Units, 
GC-301A & B 

Air compressors, 
GB-301A & B 

After cooler 
EA-302X 

Piping 

Cooling Tower Sump 

Copper Tubes, Steel Tube Sheet & Shell 

Copper Tubes, Steel Tube Sheet & Shell 

Stainless Steel Tubes, Steel Tube Sheet & Shell 

Stainless Steel Tubes & Tube Sheet, Steel Channel 

Stainless Steel Tubes & Tube Sheet, Steel Channel 

Steel Tubes, TUbe Sheet & Channel 

Stainless Steel Tubes & Manifold, Cast Iron Shell 

Stainless Steel Tubes & Manifold, Cast Iron Shell 

95% copper, 5% Nickel Absorber Tubes, Copper con
denser Tubes, Steel Tube Sheet, Cast Iron Boxes 

Cast Iron 

Steel Shell & Shell Cover, Naval Brass Tube 
Sheets, Admiralty Metal Tubes 

Steel Pipe, Cast Iron, Cast Steel, Bronze, & 
Brass Valves 

Concrete 

Water .is distributed through three separate systems on the site. There is 
a potable or domestic system, a cooling water system serving the Alternating 
Gradient Synchrotron, and a cooling water system serving the Medical Research 
Center. The potable system provides water to all facilities on the site for 
domestic use. It also provides cooling and process water for the HFBR and any 
other facilities not served by the AGS or MRC cooling water systems. At the 
present time the potable system is served by four wells. In order to assure 
safety from disease-causing organisms, water from each well is chlorinated to 
maintain a residual ion content of 0.4 ppm. In order to neutralize the natural 
acidity of the raw water, caustic soda solution is added to raise the pH to 9.4. 
The iron content varies from one well to another. In order to reduce to a mini
mum the amount introduced into the system, the wells with lowest iron content 
are pumped preferentially. As demand requires, the wells having higher iron 

I 
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content are pumped. Selective pump operation is accomplished by automatic 
control. 

A new water treatment plant is under construction. Effluent water from the 
new treatment plant will contain a mini.mum amount of iron. This treated water 
will serve the HFBR. Typical analyses of the raw well water, present treated 
water, and future treated water are given in Table 6.2-1. 

Table 6.2-1 Domestic Water Analysis 

ComEonent Raw Water Present Treated Water Future Treated Water 

Calcium 4 ppm 4 ppm 18 ppm 
Magnesium 2 2 2 
Sodium 2 10 2 
Iron 2 2 0.2 
Silica 10 10 10 
co2 16 0 0 
sulfates 8 8 8 
Chlorides 8 8 8 
T.D.S. 40 70 70 
pH 6.2 9.4 9.4 

The water treatment process in the new plant will consist of open aeration, 
lime neutralization, settling, and gravity filtration. Aeration will oxidize 
dissolved ferrous iron to the more insoluble ferric iron. Addition of lime will 
raise the pH to a value of about 9.4. The lime will neutralize the co2 present 
in the raw water and will assist in the oxidation of iron and the formation of 
insoluble ferric hydroxide floe. The settling process will remove the major 
portion of the precipitated iron. Gravity filtration will remove the balance of 
the precipitated iron and any other suspended matter which may be present in the 
water. The effluent from the filters will be chlorinated and delivered to a 
covered clearwell. From this point it will be pumped into the distribution 
system. Just prior to entering the distribution system, 1 to 2 ppm sodium 
hexametaphosphate will be added to maintain the trace residual of iron in 
suspension. 

It is estimated that the treated water will enter the distribution system 
at about 50°F. At this temperature the stability index is estimated to be 7.9. 
·Thus, the water at this point is "stable" and has neither a strong tendency 
toward corrosion nor toward deposition of scale. At 150°F, the index is 6.0 and 
there is less corrosive tendency but slightly more tendency to deposit scale. 
As the solids concentration of the treated water increases, the stability index 
will decrease. For this reason, facilities in which concentration occurs, such 
as the secondary cooling water system for the HFBR, may require supplementary 
treatment to prevent scaling of heat exchanger surfaces. In the past, however, 
such treatment has not been necessary and the decision to add this equipment 
will be based on future experience. 

Evaporation in the cooling tower tends to concentrate solids in the second
ary water. As a result, the rate of make-up to the tower must exceed the evapo
ration loss in order to permit direct discard of water from the basin to the 
storm water disposal system. This discard of water limits the solids concentra
tion, and particularly the concentration of chloride ions, to acceptable values. 
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Table 6.2-2 is a condensed statement of the composition of the cooling 
tower water under present operating conditions, without the water treatment from 
the new plant. 

Table 6.2-2 Cooling Tower Water Analysis 

Total Dissolved Solids 

Organics 

Chlorides 

187 ppm 

2.5 ppm 

32.0 ppm 

The cooling tower water composition listed in Table 6.2-2 indicates 32 ppm 
Cl ion. The water will have a maximum temperature of ~120°F. At temperatures 
below 150°F, stainless steel stress cracking is rare, and even at 225°F, Cl- ion 
up to 50 ppm would probably be safe. The major danger appears to be from local 
concentrations of Cl- ion in crevices. The thick carbon steel tube sheets on 
the HFBR primary exchangers offer excellent protection to prevent such concen
trations, since corrosion of the carbon steel quickly fills the crevice and thus 
prevents stress-cracking of the stainless steel. By limiting the Cl- ion con
tent of the cooling tower water to 50 ppm or less, there should be no major 
corrosion difficulties with the heat exchangers on the HFBR. Stress-cracking 
appears very unlikely for many years of service (6.1). 

6.3 OPERATING EXPERIENCE WITH ORIGINAL SYSTEM 

Satisfactory operating experience with the cooling tower system has been 
acquired on the original 3 cells. Two additional cells, with an appropriate 
basin under them and a fourth pump with its own sump have been added to provide 
the additional capacity to accommodate the HFBR. Operation of the original 
equipment under heat load has continued from late 1950 to date. The BGRR has 
been the primary heat load for the tower: it has operated more than 80% of the 
time, and the tower has operated a like fraction of the time. 

6.4 MAINTENANCE PROVISIONS 

6.4.l SOLIDS IN RECIRCULATED WATER. Solids in the cooling tower water are 
present in two forms, suspended and dissolved. 

The suspended or undissolved solids eventually precipitate to the floor of 
the basin and sump. The cooling tower is occasionally shut down, drained, and 
debris removed. The material removed is in the form of a finely divided slurry 
from partially decomposed grass clippings, dust washed out of the air, etc. 

Dissolved solids constitute a potential scaling problem on heat exchanger 
surfaces, although none of the units operate at a temperature high enough to 
cause rapid deposition of material. 

6.4.2 SOLIDS CONTROL. Control of undissolved solids is accomplished, as 
described in 6.4.l above, by occasionally draining and physically removing this 
material. This procedure is not done on a periodic routine basis, but rather on 
a convenience basis since the amount of material accumulated varies with time 
and is not determined easily without draining the basin. 

control of dissolved solids has been accomplished by adding at least twice 
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as much water as is lost by evaporation and allowing the excess to overflow the 
basin as blowdown. The blowdown rate is variable because the make-up water now 
comes from several sources. In addition, as wind velocity and direction, and 
construction activity is highly variable, the amount of material scrubbed out of 
the air, and consequently the amount of dissolved solids present in the water, 
is also highly variable. This is shown by the routine water analyses for dis
solved solids and organic material content which are made every two weeks. 
These analyses vary from not much more than make-up water purity to an occasion
al order-of-magnitude above this. In the example given in Table 6.2-2, the dis
solved solids are about 3 times the solids in the make-up water. What is impor
tant is that the chloride ion concentration does not exceed 50 ppm. 

6.4.3 PHYSICAL WEAR OF TOWER STRUCTURE. As the cooling tower ages, some 
weathering of the wood occurs. In the 3 existing cells, some deterioration of 
the interior fill and the exterior sheathing has occurred. In 1960 the Fluor 
Company, manufacturer of the cooling tower, was asked to inspect and recommend 
necessary repairs. They report that the tower is in very good condition con
sidering its ten years of prior operation. There is no evidence of biological 
or chemical attack. 

The repairs recommended by the Fluor company were made in 1960. Since then 
some damage, principally due to ice resulting from low water temperature opera
tion, has been noted. However, the expense of repairing the ice damage has been 
more than offset by the power savings on the BGRR fans resulting from the extra 
cooling of the BGRR exhaust air with the cold water. 

6.5 MAKE-UP AND BLOWDOWN REQUIREMENTS 

The flow diagram, Figure 6.1, indicates that the combined maximum load on 
the cooling tower from all heat sources is 14,350 gpm of water at nearly l20°F 
which is then cooled to 85°F. Neglecting any cooling effect by direct exchange 
w.ith air, the evaporation necessary for this cooling duty is about 475 gpm. 
Windage or drift loss from the tower will run about 25 gpm, giving a total water 
loss of about 500 gpm. A make-up rate of 800-1000 gpm, with the blowdown or 
discard of 300-500 gpm, limits the solids concentration to about double that in 
the make-up water. Most of this blowdown is discarded by overflow from the 
tower basin into the storm sewer, with the balance being discarded to the sewer 
from the HFBR building. 

There are several sources of make-up to the tower. All of these sources of 
water are connected to the basin through pipes which are well above the w~ter 
level. Thus, water from the basin can never back up or be sucked into the do
mestic water system. One source is the direct 4 in. domestic water line through 
the level controller in the lower basin. The second source is a variable flow 
of air conditioning and magnet cooling water from the 60 in. cyclotron and Van 
de Graaff building amounting to 200-500 gpm. The normal source after HFBR 
starts operating, however, will be the domestic water which has passed through 
the air conditioning units in the HFBR building. This may run as high as 
700 gpm. 

Water in the domestic system at BNL has a temperature range of 50°-54° F, 
and has a considerable cooling potential. In order to reduce the first cost and 
also the operating costs of the air conditioning and cooling units in the HFBR 
building, it is planned to send the water required for tower make-up through the 
HFBR air conditioning chillers, where it is cooled to 46°F. The 46°F chilled 
water, after passing through the building air cooling coils, is warmed to 60°F, 
and then flows to the cooling tower basin for make-up. The net temperature rise 
in the make-up water of 6°F equals 190 tons of refrigeration, or more than 40% 
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of the peak cooling load on the HFBR building, and more than one half of the 
normal cooling load. 

6.6 WATER PRESSURES. TEMPERATURES, AND FLOW RATES 

Since the system serves two reactors and three air conditioning systems, 
the load obviously varies with the number of reactors in service and with the 
season of the year. 

Depending on the load, pumps il, 12, or 13 will be placed in service so 
that ordinarily two of them are loaded to about 5000 gpm. The third pump is a 
spare. Pump *4 will be loaded to about 4500 gpm. At these pumping rates, 
about 40-50 psig will be available at various coolers, a head adequate to pro
vide flow through the coolers, return lines, cooling tower risers, and spray 
nozzles distributing the water in the cell interiors. 

Under maximum summer conditions with a full heat load, the basin water 
temperature is 85°F, and the combined average temperature of the water returning 
to the tower is 118°-119° F. As the season progresses and the weather gets 
cooler, the basin water temperature will tend to fall. Moreover, the actual 
heat load will decrease somewhat because of lessened air conditioning require
ments. In the past, water temperature was limited only to avoid freezing and 
icing. However, with the HFBR on the line, the minimum temperature at which the 
basin will normally be allowed to operate is 65°F. If the basin water tempera
ture cannot be held above 65°F, steps which must be taken are discussed in 
section 6.7. 

During normal operation two of the pumps at the south end of the tower and 
pump 14 (GA-301) will be running. If the HFBR is down, one pump can be shut 
down~ in fact it is likely that all except #4 (GA-301) may be shut down. If the 
BGRR is down, 14 pump (GA-301) will still be needed for air conditioning unless 
it is winter. Betwee·n these two extremes there are many intermediate conditions 
and possibilities which are covered by operating procedures. 

Inspection of the flow diagram will show that water enters the HFBR build
ing in the 24 in. cool water header, and is distributed in parallel to the 
following units. 

In Out 
Unit GPM Teme OF 

Primary 020 Cooler EA-101A 4000 85 119 

Primary D20 Cooler EA-lOlB 4000 85 119 

Experimental Facility Cooler EA-102 110 85 120 

o2o Shutdown Cooler EA-103 150 85 108 

Thermal Shield Cooler EA-201 400 85 110 

Biological Shield Cooler EA-203 80 85 89 

Air Compressors GB-301A & B (total) 1.5 85 115 

Air Af tercooler EA-302 1.5 85 105 

Air Conditioning Absorbers GC-301A & B (total) 1472 85 101 

General Building Uses (approximate) 285 85 

Total Secondary Water to HFBR 10500 gpm 

I 
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Discard to sewer Inside HFBR 

Total Secondary Return to Tower From HFBR 

150 gpm 

10350 gpm 

Except for 150 gpm, this water is then combined and returned to the tower. 
The 150 gpm from the shutdown cooler, EA-103, is discarded to the sewer system 
in the basement of the HFBR building. This provision insures that water flow 
through EA-103 will not be interrupted even if all pumps stop. It will be noted 
that in the event of pump stoppage, the check valve on the south side of the 
cooling tower basin will open and permit water to drain by gravity through 
EA-103. If the gravity cooling operation is to be carried out for a prolonged 
period, pump GA-303 can be used to return this gravity-supplied water to the 
tower, to prevent emptying the basin. There is, in fact, little danger of the 
basin being emptied as long as the BNL water system is operative. An alternate 
supply of cooling water to the shutdown cooler is available through the line 
connected to 2 in. U.DW-301. Domestic water can be supplied to the cooler from 
the break-tank (H-305) by this route. 

Water flow to the BGRR is less conventional. In the past, some 3000 gpm of 
water has been supplied to the BGRR and Hot Laboratory air conditioning units 
and this water has been heated very little by these loads. In view of this, it 
has appeared desirable to reuse this water in the BGRR air coolers. According
ly, pump f4 (GA-301) was provided at the north end of the tower principally to 
pump water first through the BGRR and Hot Laboratory AC units in parallel, and 
then, in series through the BGRR finned-tube air duct coolers, and then back to 
the tower. Moreover, piping arrangements permit pump 14 to deliver excess water 
to HFBR, or pumps *l, *2, *3 to deliver excess water to BGRR. 

In the event of failure of GA-301, the operation must resort to the old 
method of running all units in parallel until GA-301 is returned to service. 

At a nominal summer load of 14350 gpm total flow rate in the secondary 
system, and a system volume of 175,000 gal, the average transit time through all 
systems is about 12 minutes. 

6.7 METHODS OF TEMPERATURE CONTROL AND PREVENTION OF FREEZING 

6.7.l NORMAL PROCEDURES. The water temperature in the basin will normally 
be held at or above 65°F. There are two methods of control. Warm return water 
can be bypassed directly to the basin, to hold the temperature at a higher 
level. When the bypass line is no longer able to supply more warm water, fans 
on one or more cells can be stopped to reduce the effective cooling. 

No particular effort will be made to limit the temperature of the warm 
water returned to the tower. To reduce pumping power, it is planned to send 
return water back to the tower at 118°-120° F by appropriate control of the 
flow rate. 

6.7.2 FREEZING OF BASIN. In very cold weather, with both reactors down, 
the basin could freeze. However, if the secondary pumps can be operated it has 
been calculated that the heat added by the power input to the pumps will be able 
to maintain the basin water temperatures at 45°-50° F in the most severe cold 
weather anticipated. Piping connections have been provided to permit total by
pass of the cooling towers if this procedure is employed. Moreover, steam can 
be used to prevent freezing by stringing a temporary hose from the fan house to 
the basin. 

6.7.3 LOW TEMPERATURE COOLING WATER PRECAUTIONS. If, because of extreme 
cold and high winds, it is apparent that the basin temperature will go below 
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65°F, the following items must be considered in the HFBR plant. Since the oper
ation of-either reactor provides enough heat to maintain the basin temperature 
above 65°F, this situation will only occur during a prolonged shutdown of both 
reactors. 

6.7.3.l Reactor Cavity Atmosphere. Low temperatures of the thermal shield 
and reactor vessel might cause moisture from the cavity atmosphere to condense 
on these components. Since there might be traces of radiolytically formed HN03 
in the cavity, condensation is undesirable. The highest temperature at which 
condensation might be expected is 60°F, which is approximately the dew point for 
the building air (70°F, 500~ relative humidity). The cavity atmosphere should 
normally be much drier than the building air, and have a lower dew point than 
60° F. 

The temperatures of the D O in the reactor vessel and the H2o in the 
thermal shield can be prevente~ from falling below 60°F by throttling the cool
ing water to the respective exchangers. Temperature gages are provided to 
facilitate control of the water conditions. 

6.7.3.2 Freezina of n2Q. Heavy water freezes at 38.8°F, and there is the 
possibility of freezing the n2o in the exchangers if the secondary water is cir
culated at a temperature below 38.8°F. The possibility is remote, however, 
because of the several means of maintaining the basin temperature above 45°F 
(secondary pump heat input and steam input to the basin) and because the heavy 

water systems can also be heated by pumps, even in the absence of core afterheat. 

6.7.3.3 Afterheat Removal. A special situation exists with respect to the 
shutdown exchanger (EA-103) which must be supplied with cooling water until the 
afterheat following shutdown is reduced to a negligible amount, or until fuel 
elements are transferred to the canal. Should the HFBR be shut down at a time 
when the BGRR is down, and with the secondary water temperature falling due to 
extreme weather conditions, the measures noted above would be used to hold the 
basin temperature above 45°F. The temperature of the primary system coolant 
would be held above 60°F by throttling the secondary flow to EA-103. If the 
circumstances were to be such that the basin water temperature could not be held 
above 45°F, the shutdown cooler would be switched to domestic water cooling, 
through the connection to the break-tank line. 

6.8 CORROSION AND EROSION; PREVENTIVE MEASURES 

Inspection of Table 6.1-l shows that the materials of construction are 
normal for cooling water service and no particular corrosion problems are ex
pected. It has been pointP.d out that the combination of low temperature water 
and low chloride ion content present in this system makes stress corrosion 
cracking unlikely. Experience with the existing secondary coolant system has 
been good. The treating plant being installed at BNL will improve the quality 
of the domestic water, especially with respect to the iron content, which has 
been troublesome. No high velocities exist in the secondary system, and erosion 
or vibration are not expected to be problems. The basin is cleaned at frequent 
enough intervals so that abrasive materials are not expected to be picked up by 
the pumps and moved through the system components. 

6.9 FINAL HEAT SINKS 

Under normal operating conditions, the final heat sinks are the atmosphere, 
which absorbs and disperses the vaporized water and drift loss from the tower, 
and the storm water disposa~ system where the blowdown or overflow is returned 
to the Long Island surface water. It can be stated that a cooling tower can 

I 
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dissipate heat under all credible circumstances, provided the hot water is de
livered to it. Failure to deliver hot water would require an immediate shutdown 
of the primary heat source. 

As noted in Section 6.6, arrangements have been made to allow gravity flow 
of water from the tower basin through the shutdown cooler in event all pump 
power is lost. No emergency power is available for the cooling tower pumps, but 
the emergency return pump, GA-303, can be powered from the HFBR emergency 
generator set. 

References 

(6.1) J. R. Weeks, "The Likelihood of Stress corrosion Cracking of HFBR Stain
less Steel Pipes By Cooling Tower Water", BNL Metallurgy Memorandum 
No. 1035 (Feb. 24, 1964). 

NOTE: Figure 6.1, which is the flow diagram for the secondary system, has been 
printed on the back of Figure 5.1, at the end of Section 5. 
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SECTION 7. AUXILIARY SYSTEMS 

7.1 REACTOR SHUTDOWN COOLING SYSTEM 

7.1.l SYSTEM DESIGN CONSIDERATIONS. The reactor shutdown cooling system 
provides for the removal of fission product afterheat from the core when the 
main pumps are not operating. Since the control rods are interlocked to pre
vent operation of the reactor without operation of the primary pumps, the shut
down system must deal only with the afterheat. 

Immediately after a reactor shutdown the fission product heat generation 
rate is sufficient to boil heavy water in the fuel element water channels if 
there is no forced circulation of the coolant. During a normal shutdown, the 
primary system is kept operating for some time, but the net positive suction 
head requirements of the primary pumps precludes their use to circulate coolant 
once system pressurization is removed. Furthermore, the large flow they deliv
er would create excessive turbulence during fuel handling. From an emergency 
shutdown point of view, the power requirements of the primary pumps would make 
any emergency power system to handle them unreasonably large. 

Based on the above considerations, and on the desirability of being able 
to do maintenance on the primary system during shutdowns, the shutdown cooling 
system was made largely independent of the primary system. The flow diagram of 
the shutdown cooling system is shown in Figure 7.1. 

The shutdown system has two pumps, GA-102A and GA-102B, connected in par
allel. One pump runs continuously, with the other on standby ready to start if 
needed. During reactor operation, the head developed by the primary pumps ex
ceeds that of the shutdown pumps, so that the latter are backed up to shutoff 
when the former are running. That is, the discharge check valves on the shut
down pumps are held closed and no flow is permitted. To avoid overheating the 
shutdown pumps and seals due to running at zero flow, a low flow bypass is pro
vided (l in. Pl80). A valve in this line is actuated by the flow recorder-con
troller FRa-101. When the flow in the shutdown system main discharge line 
drops below 300 gpm, the bypass valve is automatically opened to allow a suffi
cient flow of heavy water to keep the shutdown pumps cool. The bypass flow is 
returned to the low pressure side of the primary system, at the main pump sue-
tion lines. 

When the primary pumps are turned off, the head developed by them de
creases as the pumps coast down. A point is reached in the coastdown when the 
shutdown pump head equals that of the primary pumps. After this point the 
shutdown pump head dominates and the shutdown check valves open as flow to the 
reactor starts. When the shutdown flow reaches 300 gpm the bypass valve is 
closed by the controller FRa-101. By the time the primary flow has decreased 
to a few thousand gpm the shutdown system is delivering the normal 800 gpm to 
the reactor. The primary pumps coast to a stop but the flow through the reac
tor does not drop below 800 gpm. 

Suction for the reactor shutdown cooling system is taken at a point 
slightly upstream of the primary system venturi. The shutdown system dis
charges into the reactor vessel at a point above the primary coolant inlet. 
During reactor shutdowns, when the shutdown cooling system is pumping 800 gpm, 
the shutdown cooler, EA-103, will be carrying 500 to 600 gpm and the bypass 
line around the exchanger (6 in. Pl81) will carry the remaining flow required 
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to total 800 gpm. 

Cooling tower water flow through the secondary side of the shutdown cooler 
is discharged into the sump of the cooling tower emergency pump, GA-303. Since 
GA-303 is normally not operating, this amount of water (150 gpm) flows into the 
laboratory storm sewer system via the sump overflow and trap. With the system 
piped in this manner cooling tower water will continue to flow through the 
shutdown cooler by gravity even if no secondary pumps are operating. 

The motor for the cooling tower emergency pump GA-303 is powered by the 
emergency electric power system. Thus, should it appear that there is any dan
ger of draining too much water from the cooling tower pool, GA-303 can be 
started and the secondary flow from EA-103 returned to the pool. such an oc
curence is unlikely, since the make-up flow to the tower pool from the labora
tory water system is much larger than the flow through EA-103 (1000 gpm vs 
150 gpm). 

7.1.2 SHUTDOWN PUMPS. The two pumps, GA-102A and GA-102B, used in the 
reactor shutdown cooling system are vertical, single stage, centrifugal pumps. 
Table 7.1-1 gives pertinent data on these pumps. 

Table 7.1-1 Characteristics of the Shutdown Pumps, GA-102A and B 

Manufacturer Pacific Pumps, Inc. 

Flow 
Design 
Test 

Impeller 

RPM 

Motor 

NPSH at rated flow 

Material of construction 
(Casing, impeller, inner 
base parts, wear parts, 
shaft) 

Code 

seals 

800 gpm at 34 ft and 60 gpm at 63 ft 
800 gpm at 47 ft and 60 gpm at 64 ft 

11-1/2 in. diameter enclosed type 

1175 

Louis-Allis, 15 hp, 250 volt DC 

5 ft 

Stainless steel, type 304, 0.06% maximum 
carbon content 

API standard 610 

One per pump, similar to seal used in pri
mary pump and described in section 5.3.2 

Motors of the shutdown pumps GA-102A and B are powered by the emergency 
electrical system described in section 3.5.6.9. Normally only one of the shut
down pumps is running. The selection of the running pump is made on a two-po
sition selector switch located adjacent to the pumps. Either pump can be se
lected and the other then becomes the spare. There is also a disconnect switch 
adjacent to each pump. The disconnect switches are equipped with green pilot 
lights which light up when the motor circuit is de-energized. 

Once the desired setting of the selector switch is made to designate the 
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"run" pump and the "spare" pump and the disconnect switches are put on, the 
pumps are started in the control room. The pump switches at the console have 
three positions designated "auto", "hand", and "off". For normal operation 
both pump switches are on "auto" and are put in this position in the correct 
sequence; that is, the pump which is to run is switched to "auto" first, fol
lowed by similar switching for the spare pump. If the "hand-off-auto" switches 
are set on "auto" in the reverse order, the spare pump will start but will au
tomatically return to standby shortly after the run pump starts. 

The pump selected to run then operates on rectified AC power. The spare 
pump will be started automatically on battery power should there be a 0.5 sec
ond interruption of power to the motor of the running pump. The interlocking 
action of the selector switch prevents simultaneous operation of both pump 
motors on power from the rectifier. If the power from the rectifier fails, it 
is possible to run both pumps from the battery, providing the spare pump switch 
is placed on "hand". 

If the rectifier voltage drops below 90% of rated voltage, the running 
pump motor is automatically transferred to the battery. The interruption in 
power that occurs during the transfer is too short to cause the spare pump to 
start. If the running pump stops due to overheating, manual action, or the 
like, the spare pump automatically starts after a 0.5 second time delay. 

Each pump motor has three indicator lights at the control console; red to 
indicate operation on normal supply (rectified AC), orange to indicate opera
tion on battery, and blue to indicate that the control circuit is alive. 

7.1.3 SHUTDOWN COOLER. The shutdown cooler, EA-103, is of the "U" tube 
type and is mounted in a horizontal position. It was subjected to the same 
testing and cleaning procedures as the primary coolers, described in section 
5.3.1. Data on the shutdown cooler are given in Table 7.1-2. 

The shutdown cooler was constructed to the same quality standard as the 
primary coolers and by the same fabricator. All tube seam welds were eddy cur
rent tested, all heavy water-side materials were ultrasonically tested for 
soundness, and heavy water-side welds were x-rayed. A mass spectrometer leak 
test was made on the shell (heavy water) side of the cooler. The measured 
leakage rate was 1.008 x 10-9 standard cm3/sec of helium from a helium-filled 
shroud over the cooler to the evacuated shell. The helium leakage rate from 
the shell to the tube side of the exchanger was smaller than the ultimate sen
sitivity of the instrument. Hydrostatic tests were performed at 475 psig on 
the shell side and at 360 psig on the tube side of the shutdown cooler. 

7.1.4 PIPING. The shutdown cooling system piping is all classed as "P" 
piping, and is designed and fabricated to the same standards as the primary 
piping. The shutdown system piping is of type 304 stainless steel, except for 
the inlet nozzle to the reactor vessel. The inlet nozzle is of type 6061-T6 
aluminum, flanged to stainless steel just outside the vessel. Reference may be 
made to section 5.3.4 for details of material specifications and fabrication 
methods. 

7.2 REACTOR NATURAL CIRCULATION SYSTEM 

7.2.1 INTRODUCTION. The reactor natural circulation system removes fis
sion product afterheat in the event of the loss of all forced flow cooling of 
the core. Results of calculations on the heat transfer and fluid dynamics of 
the natural circulation through the core are given in Section 4.7.13. The com
ponents involved are the flow reversal valves and piping, the reactor depres-
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surizing valve HCe-102, the shutdown heat exchanger EA-103, and pumps GA-104A 
and 104B. 

Table 7.1-2 Characteristics of the Shutdown Cooler, EA-103 

Manufacturer Southwestern Engineering Co. 

Shell Side Fluid D2o 

Tube Side Fluid Cooling Tower Water 

Rated flow, normal service: 
Shell side 
Tube Side 

Design Temperature 

Operating Temperatures: 
D20 In 
D2o out 
Cooling Water In 
Cooling Water Out 

Design Pressures: 
Shell side 
Tube Side 

Operating Pressures: 
Shell Side 
Tube Side 

Heat Transfer Rate: 
Clean 
Service 

MTD (corrected) 

Surf ace 

Heat Exchanged, Rated 

Pressure Drop at Rated Flow: 
Shell Side 
Tube Side 

Materials of Construction: 
Tubes - 3/4" x 16 B.W.G. 

Shell 

Tube Sheet 

Channel Spool 

Channel Head 

Closure Design 

Code Requirements 

500 gpm + 20% overdesign 
150 gpm + 200~ overdesign 

150°F 

125°F 
119°F 

85°F 
108°F 

300 psig 
150 psig 

215 psig 
5 psig 

2 
400 Btu/hr-ft2-°F 
222 Btu/hr-ft -°F 

23.3°F 

330 ft2 

1,700,000 

2 psi 
4 psi 

Btu/hr 

ASTM A-249, stainless steel, type 304, 
0.06% maximum carbon, seam welded. 

ASTM A-240, stainless steel, type 304, 
0.06% maximum carbon, seam welded. 

ASTM A-128, stainless steel, type 304, 
0.06% maximum carbon. 

ASTM A-181-II carbon steel flanges and 
ASTM A-53-B plate. 

ASTM A-212-B carbon steel. 

All closures are gasketed joints except 
tube-to-tube sheet joints which are rolled 
and seal welded. 

TEMA-R for entire cooler and ASME Pressure 
vessel Code cases 1270N and 1273N for shell 
side only 
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7.2.2 FLOW REVERSAL VALVES. Four flow reversal valves are located in the 
reactor internal structure on the transition plate. When open, these valves 
provide a reverse flow path from the inlet or upper side of the fuel elements 
to the outlet or lower side of the fuel elements via the reflector, and permit 
natural upward circulation to take place in the core. 

Construction of the valves is shown in a cross-sectional drawing in Fig
ure 7.2. In the closed position the valves serve to keep water being pumped 
downward toward the reactor core from being short-circuited to the reflector. 
The valves are closed by water pressure from the primary pumps GA-101A and B 
or the shutdown pumps GA-102A and B. As can be seen in the flow diagram in 
Figure 7.2, if any of these pumps are operating the full pump discharge pres
sure is directed to the flow reversal valves via the pilot lines. In each val
ve this pressure acts to force the valve piston downward into the closed posi
tion, against the combined forces of the tension spring and the pressure of 
the water beneath the piston. The water pressure beneath the piston is less 
than that at the pump discharge by the pressure drop through the throttle val
ves and heat exchangers, when the piston is in the open position. This pres
sure drop is about 15 psi for the primary valves and coolers and about 10 psi 
for the shutdown valves and cooler. From it must be subtracted the upward 
spring force, amounting to about 30 lbs at full stroke, to obtain the net 
closing force on the piston. The piston face area is 9.6 in.2, so that the net 
closing force is about 114 lbs (equivalent to 12 psi) for the primary pumps and 
about 66 lbs (equivalent to 7 psi) for the shutdown pumps. Thus, the operation 
of any one of the four primary and shutdown pumps will close the flow reversal 
valves. 

Bleed holes in the piston, the clearance gap between the piston and the 
cylinder, and the clearance gap around the indicator pin all leak water from 
the inside of the valve to the surroundings. At normal pressure conditions 
with the primary pumps operating this leakage flow amounts to 5 gpm per valve. 
The resulting pressure drop in the pilot lines reduces the closing pressure in 
the valves slightly. 

Once the flow reversal valves are closed, the pressure difference across 
the piston is increased by the pressure drop across the core, about 31 psi at 
full operating coolant flow. This large force on the valve pistons will hold 
the valves closed even if the pilot line valves at the pump discharges are 
closed. The same remark applies.if only one primary pump is operating: the 
core pressure drop is then 6 to 7 psi, still great enough in itself to hold the 
valves closed. The core pressure drop at the BOO gpm shutdown flow, however, 
is too small to overcome the tension spring force, and the flow reversal valves 
will open if the pilot line valves are closed. This situation is a deliberate 
design condition and provides a method of testing the flow reversal valve oper
ation at each shutdown. 

The indicator pin on each flow reversal valve is anodized red, and may 
easily be seen from the top of the vessel at shutdowns when the vessel is 
opened. The testing procedure is to close the pilot line valve on the shutdown 
pump which is operating. This depressurizes the reversal valve chambers and 
the pistons are raised by the tension springs. The Operators at the vessel top 
simply observe the indicator pins rising out of the reversal valve top bodies, 
showing that the valves have opened. The pilot valve is then opened again and 
the closing of the flow reversal valves is noted by the falling of the indica
tor pins. 

Should all four of the primary and shutdown pumps stop operating, the flow 
reversal valves will open automatically as soon as the water flow through the 
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core has coasted down far enough to reduce the core pressure drop to less than 
3 psi. 

A prototype flow reversal valve was built and tested by Combustion Engi
neering, Inc. The valve was tested for flow characteristics, and for reliabil
ity of performance (7.1). After some minor modifications suggested by the first 
test series, a second set of tests were carried out with completely satisfactory 
results (7.2). It is clear from the tests performed that the flow characteris
tics of the reversal valves meet the requirements for the natural circulation 
flow, and that the valves can be expected to function properly in the relatively 
clean water of the primary system. A graph of the pressure-flow curve for a 
single valve in the open position is shown in Figure 7.3. This flow character
istic applies to the natural circulation flow through the valves. 

7.2.3 DEPRESSURIZING VALVE HCe-102. The depressurizing valve HCe-102 is a 
spring-diaphragm pneumatically operated valve which opens and depressurizes the 
reactor surge volume if both the shutdown pumps and the main pumps are stopped. 
The valve is kept closed by the application of air pressure to the operator. 
The air supply is controlled by a normally closed solenoid valve which draws its 
power from the 250 voe battery bank. Failure of either the air supply or the 
250 voe electrical supply thus causes the depressurizing valve to open (and 
causes a reactor scram). The safety system instruments which cause HCe-102 to 
open are the vessel low-low liquid level instruments, in 2 out of 3 coincidence, 
and the four breakers on the primary and shutdown pumps, in 4 out of 4 coinci
dence. 

The depressurizing valve is a 1 in. stainless steel valve rated at 300 
psig. It is manufactured by the Fisher-Governor Company. The porting arrange
ment consists of a single seat which is closed by a downward motion of the plug. 
The valve seats on 3 psig air pressure with a plug stroke of 1 in. The normal 
supply pressure is 15 psig, from the building compressed air system. The con
trol circuitry for the depressurizing valve is discussed in Section 9.5.3.4. 

7.2.4 SHUTDOWN COOLER EA-103. In Section 7.1.3 the shutdown cooler is 
discussed in terms of its normal service as a heavy water cooler. As a part of 
the reactor natural circulation system, however, the shutdown cooler serves as a 
D2o steam condenser. Data on EA-103 acting as a condenser is found in Table 
7.2-1. For data not shown, see Section 7.1.3. 

7.2.5 OPERATION. Operation of the natural circulation cooling system may 
be required in either of two general cases; simultaneous failure of all four 
primary and shutdown pumps, or a major breach in the primary system. In both 
cases the fission heat is cut off abruptly by scramming the reactor. Scram sig
nals from the pump switch gear, the core pressure difference meters, flowrneters, 
and the reactor vessel liquid level instruments will cause the shutdown~ 

7.2.5.1 Pump Failure case. For the pump failure case, due presumably to 
electrical supply faults, the primary system is intact and the normal flow 
coastdown occurs. The flow reversal in the core is speeded by the opening of 
the flow reversal valves and the reactor depressurizing valve HCe-102. The flow 
reversal valves open when the pumps cease to develop the necessary holding pres
sure, and the reactor depressurizing valve is opened by a trip signal from the 
opening of the four pump motor breakers. 

The opening of the reactor depressurizing valve vents the pressurizing he
lium, lowers the saturation temperature in the core, and thus speeds the onset 
of bulk boiling in the core. Boiling assists the flow reversal. At first, the 
steam generated is condensed in the water column above the core and the energy 
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Table 7.2-1 EA-103 Condenser Service Characteristics 

Shell Side Fluid 

TUbe Side Fluid 

Rated Flow, Condensing service 
Shell Side 
TUbe Side 

Shell Side Fluid Condensed 

Shell Side Operat'ing Pressure 

Operating Temperatures 
D20 In 
n2o Out 
Cooling Water In 
Cooling Water Out 

Pressure Drop at Rated Flow 
Shell Side 
TUbe Side 

Rated Heat Exchanged 

Heat Transfer Rate 
Clean 
Service 

MTD (corrected) 

n2o Primary Coolant vapor 

Cooling Tower Water 

5,600 lbs/hr (10 gpm) 
150 gpm 

5,600 lbs/hr 

1 psig 

216°F 
216°F 

85°F 
157°F 

1 psi 
4 psi 

5,300,000 Btu/hr 

2 
371 Btu/hr-ft2-°F 
175 Btu/hr-ft -°F 

90.1°F 

is absorbed as temperature rise in the heavy water in the vessel. The water 
level in the reactor vessel is dropped below the shutdown cooling inlet nozzle 
(elevation 133 ft-1 in.) by opening the 1-1/2 in. drain line (DA-108) to the 
storage tank FA-101. When the water level has dropped to elevation 132 ft-0 
in., or slightly below, the suction valves on the shutdown pumps, GA-102A and B, 
are closed. The level in the vessel is then stabilized, while the shutdown 
cooler, EA-103, is completely drained of heavy water through the DA-108 drain. 
The cooling water in the secondary side of EA-103 may be taken from the cooling 
tower pool by gravity flow, or may be drawn from the domestic water system 
through the break tank, HA-305. The colder water from the domestic water sys
tem is desirable for the condensing service in the shutdown cooler, but is not 
essential. All of the valves which must be operated are outside of the shields. 

After the water temperature in the reactor vessel reaches the atmospheric 
boiling point, there is a net steam production equal to the afterheat rate. 
The depressurizing valve is closed and the stream is condensed in the shutdown 
cooler. The condensate drains to the storage tank FA-101. 

The afterheat rate is given as a function of time after shutdown in Sec
tion 4.7.9. The total afterheat includes a small contribution from the shut
down fission rate. The total afterheat generated from shutdown to any time 
thereafter is also given in Section 4.7.9. Examination of the latter curve 
shows that 2160 seconds are required after shutdown to generate enough heat to 
bring the vessel water temperature to the boiling point. In this calculation 
the water level is taken at elevation 129 ft-0 in., and the initial water tem
perature is assumed to be 120°F. The total afterheat generation in 2160 sec
onds is 1.56 x 106 Btu, or 1.64 x 109 joules. The atmospheric boiling point of 
heavy water is 214.5°F. The net water volume in the vessel to elevation 
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129 ft-0 in., ignoring the volume in the inlet and outlet nozzles, is 241 ft 3 

(16500 lb at 120°F) • 

The afterheat rate at 2160 seconds after shutdown is 534 KW, due to 530 KW 
from fission product decay heat and 3.8 KW from the shutdown fission rate. The 
corresponding steam rate is 2050 lb/hr. The boiling is allowed to continue, 
with steam condensation in the shutdown cooler, for another 288 minutes. At 
this time, 5.40 hours after shutdown, enough water has boiled away to drop the 
water level to elevation 120 ft-8 in., which is 12-1/4 inches above the transi
tion plate. No credit for water inventory in the inlet and outlet nozzles is 
taken in calculating the boil-off time: the water which is assumed to boil 
away has a volume of 89.8 ft 3 , and at 214°F weighs 5950 lb. The afterheat en
ergy involved is 5.28 x 106 Btu, or 5.57 x 109 joules. 

Make-up water from FA-102 to the vessel is started at 5.40 hours after 
shutdown since a few inches of water head above the transition plate are neces
sary for natural circulation. The total afterheat rate at 5.40 hours is 232 KW 
and the required make-up flow is 1.39 gpm at 70°F. The tank FA-102 is located 
on the operations level, above the reactor, and the heavy water stored there is 
available as make-up by gravity flow. The flow rate is adjusted on the basis 
of the water level in the reactor vessel, which is measured by the emergency 
liquid level instrument LI-107 (see Section 9.4.4.4). A minimum heel of sever
al hundred gallons is normally kept in FA-102, which would provide about three 
hours of make-up flow. 

Condensate collected in the equipment level storage tank, FA-101, can be 
transferred to FA-102 in the absence of any electrical power for the transfer 
pumps by steam or gas pressure. The "blowcase" is operated on steam pressure 
by turning off the cooling water to the shutdown cooler. After the cooler 
heats up and stops condensing steam, the steam pressure builds up in the cover 
gas region of FA-101. The transfer line to FA-102 is opened, and water is for
ced from FA-101 to FA-102 by the pressure. The head required is 50 ft, or 
about 25 psig. The blowcase arrangement can also be operated with compressed 
gases, rather than steam, after closing the drain valve from the shutdown 
cooler. Heavy water in the primary piping and heat exchangers is also avail
able for make-up by draining to FA-101 and subsequent transfer to FA-102. 

7.2.5.2 Primary System Rupture. For the case of a major breach in the 
primary system the reactor vessel low-low liquid level logic trips all pumps 
and opens the flow reversal valves, the depressurizing valve, and the siphon 
break valve. If the failure point is in the primary system piping the heavy 
water which escapes through the break flows through the floor drains in the 
equipment cells to the FA-101 pit. The transfer pumps GA-104A and GA-104B 
are arranged to take suction in this pit when the need arises, so that heavy 
water make-up is available from this source when the heel in FA-102 is ex
hausted. If electrical power is not available, GA-104B can be manually oper
ated, or can be belt driven by a portable emergency engine. If the failure 
point is in the lower reactor vessel, the thermal shield cavity fills with 
heavy water to above the transition plate level. In this case the water in the 
balance of the primary system can be drained to FA-101 and then transferred to 
FA-102 to supply make-up. 

The natural circulation cooling of the core starts with the vessel water 
level at elevation 124 ft-1-1/2 in. (the outlet nozzle invert) for the pipe 
break case, and at elevation 121 ft-3 in. for the lower vessel rupture case. 
The pipe break case is the more severe in terms of the time interval to net 
steam evolution and the required make-up flow rate. The reasons for this con
clusion are that in the lower vessel rupture accident the volume of water in 
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the shield cavity and lower vessel is larger, and that a substantial part of 
the afterheat is removed by natural convection to the thermal shield cooling 
system. The time after shutdown for the heavy water to reach the boiling point 
is thus extended, and the required make-up rate reduced, for the vessel rupture 
case. Further, the heavy water outside the vessel seals the rupture point and 
steam can be condensed in the shutdown cooler, as in the power failure case 
discussed in the preceding section. 

In the pipe break case the net water volume left in the vessel to eleva
tion 124 ft-1-1/2 in. is 187.7 ft 3 At an initial temperature of 120°F, this 
volume of water weighs 12860 lb. The energy required to bring the water to the 
boiling point is 1.21 x 106 Btu, or 1.28 x 109 joules. The time after shutdown 
for this energy generation is 1500 seconds. The afterheat rate at the start of 
net steam production is 605 KW, due to 600 KW from the fission product decay 
heat and 4.6 KW from the shutdown fission rate. The corresponding steam rate 
is 2320 lb/hr. An additional time of 5200 seconds, or 1.86 hours after shut
down, are required to boil away 2420 lb of heavy water and reduce the vessel 
water level to 12-1/4 inches above the transition plate (elevation 120 ft-8 
in.). The make-up water flow must be started at this time. The total after
heat rate is 352 KW (350 KW from the fission product decay heat and 1.7 KW 
from the shutdown fission rate), and the required heavy water make-up rate is 
2.10 gpm at 70°F. The make-up flow is controlled on the basis of the vessel 
water level, as measured by the emergency level instrument LI-107 (see Section 
9.4.4.4). 

An alternate to the heavy water make-up supply may be desirable in the 
pipe break case. If the break is in a place where the escape of steam to the 
exhaust system cannot be prevented, a light water make-up can be established 
to limit the release of tritium-bearing heavy steam. The light water is sup
plied to the vessel through the poison water tank, FA-202, after the posion 
solution is drained into the vessel. The poison water system is described in 
the next section and the environmental effects of the heavy steam release are 
discussed in Section 14.3.4. 

7.3 REACTOR POISON SOLUTION SYSTEM 

A 350 gallon supply of cadmium nitrate solution is maintained in vessel 
FA-202 (see Figure 5.1) for use as an ultimate shutdown agent. The poison 
water is injected into the reactor vessel above the liquid level. The poison 
solution vessel, FA-202, is located on the operations floor. The vessel will 
hold 350 gallons of poison solution containing 3300 lbs of Cd(N03) 2 ·4H2o dis
solved in water (7.3). The vessel test pressure is 425 psig and tfie safety 
valve SV-202 on the vessel is set at 255 psig. Cover gas is supplied from the 
low pressure helium system and the vessel is vented to the building air ex
haust. Provisions are made to pressurize the tank with helium to 250 psig from 
a separate helium bottle if necessary. The low pressure system is disconnected 
in the latter case. 

The concentration of Cd(NO ) in solution is well below the saturation 
limit at room temperature, so t~at it is not necessary to heat the solution. 
In fact, the design concentration, 51.7 gm Cd(N03),/100 gm of solution, will 
remain fully dissolved down to a temperature of 33 F. The solubility curve 
(7.4) for the poison salt is shown in Figure 7.4. 

The path from the poison vessel to the reactor vessel is through two block 
valves and a throttle valve into the suction side of the helium gas eductor, 
EG-101, (see Figure 5.1) which is connected to the reactor vessel. This run is 
comprised of about 100 ft of 2 in. pipe. With the cover gas pressure in FA-202 
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adjusted to equal the gas pressure in the reactor vessel, the hydraulic grad
ient alone (approximately 14 ft-6 in.) will drive the poison solution into the 
reactor at 50 gallons per minute. This flow rate corresponds to the addition 
of 172 lbs of cadmium per minute to the reactor vessel fluid. The rate of 
poison addition may be greatly increased by increasing the cover gas pressure 
in FA-202. 

Since stainless steel vessels are used commercially to store concentrated 
cadmium nitrate solutions, corrosion under the mild HFBR conditions (70°F, in
ert gas cover) should not occur to any significant extent in FA-202. Corrosion 
of the alumium portion of the primary system by the poison solution is not ex
pected to be a problem. Although no direct corrosion information is available, 
zinc nitrate and cadmium sulfate in concentrations up to 10% have been tested 
with aluminum with no significant corrosion observed (7.5). The deposition of 
the poison salt on aluminum reactor internals has been investigated (7.3). 
After successive washings with demineralized water, the residual traces of the 
cadmium nitrate remaining on the vessel wall and on the beam tubes would amount 
to a reactivity of only a few cents. Continued use of the vessel after an ac
cident which required the injection of the poison solution would depend upon 
any mechanical damage which might have occurred, rather than upon the amount of 
poison remaining in the vessel after appropriate rinsing. 

Although the poison solution system is an effective shutdown mechanism for 
the n2o-filled reactor, the primary function of the poison is to insure an ade
quate shutdown margin in the case of light water flooding of the reactor. The 
amount of poison solution available, added to the reactor primary system during 
a light water flooding accident, is about three times the amount necessary to 
reduce the multiplication constant of the reactor to 0.90 (7.6). 

7.4 REACTOR HELIUM SYSTEM 

7.4.l INTRODUCTION. The helium cover gas which occupies the surge volume 
in the top of the reactor vessel serves several functions; it is the means for 
pressurizing the reactor system, it provides an inert and compressible volume 
to absorb liquid surges, and it acts as a vehicle to transport radiolytic and 
corrosion gases from the surge volume. See Figure 7.5 for a schematic diagram 
of the system. The helium system volume is about 27 ft3. 

7.4.2 THE HELIUM SUPPLY SYSTEM. Helium for the reactor system is stored 
in a bank of cylinders located on the equipment level. A manifold connects the 
cylinders, with reduction valves at each cylinder. The cylinder bank also sup
plies helium for various level instruments and for the siphon break valve 
HCe-lOlC. 

Helium is admitted to the reactor vessel by the inlet control valve, 
PRCa-lOlB, which, along with the outlet control valve, PRCa-lOlA, regulates the 
pressure in the reactor vessel. Helium is also admitted to the reactor vessel 
at a steady rate by the reactor vessel bubbler-type liquid level instrumenta
tion. The total normal helium supply rate is 0.13 scfm, or 0.01 cfm at system 
pressure and temperature (200 psig, 120°F). 

A pressure transducer, PRCa-101, senses the gas pressure at a point just 
upstream of the pressure relief valves SV-lOlA and SV-lOlB. The pressure at 
this point is the same as in the surge volume in the reactor vessel. The pres
sure transducer provides an electric signal, proportional to the pressure, to a 
pressure recorder, and to two indicating controllers. In addition, the signal 
is furnished to the high and low pressure alarms, and to the scram and low-low 
pressure logic blocks in the safety system. The set point for each contact is 
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independently adjustable over the pressure range of the instrument. The pres
sure recorder (a four-inch strip chart type) is installed on an instrument panel 
in the control room. 

The two pressure indicating controllers are installed on the control con
sole. The reactor helium inlet controller has proportional control. The reac
tor helium outlet controller has proportional plus floating control. Each con
troller has its own manual mode. The reactor pressure is controlled by the ad
dition or release of gas to the surge volume. The controllers actuate valves 
PRCa-lOlA and PRCa-lOlB to maintain a constant surge volume pressure. The con
trollers operate with a differential gap, or dead band, such that each valve 
will be closed for a pre-set interval above and below the set pressure. Ad
justment of the differential gap is provided by the control index setting of 
each controller. 

Control valve PRCa-lOlA releases helium from the reactor to the vent system 
when the surge volume pressure rises above the normal setpoint. Control valve 
PRCa-lOlB admits helium to the system from the supply bank when the reactor 
pressure falls below the normal setpoint. Both of the control valves are fur
nished with electro-pneumatic positioners, and both valves close on a loss of 
instrument supply air or loss of electrical input signal. For normal venting 
of the reactor surge volume at the completion of an operating cycle, both con
trollers will be reset to 0 psig, thereby stopping the helium supply and allow
ing the reactor pressure to fall to zero. There is a valved by-pass around the 
reactor helium inlet control valve to allow helium to be fed into the reactor 
vessel manually. 

A flow indicator just downstream of PRCa-lOlB measures helium flow into the 
reactor vessel. A check valve and a block valve downstream of the reactor inlet 
helium control valve prevent backflow in the line and allow manual stoppage of 
the helium supply. After the check and block valves, the helium supply line 
joins the circulating system piping and enters the throat of the eductor, 
EG-101. 

7.4.3 THE HELIUM CIRCULATING SYSTEM. The helium circulating system takes 
gas from the Surge volume in the reactor vessel, passes it through the recom
biner, H-104, and returns it to the surge volume. The function of the recom
biner is to keep the concentration of radiolytically and corrosion formed o 2 and 
n2 gases low. Comparison with the cover-gas conditions in the Canadian NRX re
actor leads to an estimate of a maximum n2 evolution rate of four liters/hr 
(STP). Since the o2 evolved in the system tends to be taken up in corrosion re
actions, sufficient additional o2 will be supplied to the gas stream before it 
enters the recombiner to provide a stoichiometric mixture for the formation of 
n2o. At a circulation rate of 10 cfm, the n2 concentration will not exceed 
0.002%, which is well below the explosive limit of 10% (7.7). 

The recombiner, H-104, was manufactured by the Catalytic Combustion Corpor
ation. The recombiner vessel is of type 304 stainless steel, with .06% maximum 
carbon. The design pressure and temperature are 300 psig and 1000°F, respec
tively. The vessel is constructed to the ASME Pressure Vessel Code, Section 
VIII, amended by case 1270N. All welds were radiographed after stress re
lieving, and a helium leak test performed to MIL-STD-271B (Ships). The catalyt
ic element in the recombiner is a closely packed mat of narrow, thin-gauge nic
kel-chrome alloy ribbon coated with alloys of the platinum group. The pipe line 
carrying gas to the recombiner is electrically heated. This insures that the 
entering gas temperature is above the dew point, and that the catalyst will not 
be deactivated by wetting. Should wetting occur, the catalyst may be dried and 
reactivated by heating the entering gas well above the saturation temperature 
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(about 380°F). 

As can be seen in Figure 7.5, sample connections and temperature recorders 
have been provided both upstream and downstream of the recombiner. Gas samples 
from these points will be analyzed for Dz concentration to confirm the proper 
operation of the recombiner. Further, since the reaction of D2 and o2 is exo
thermic, a comparison of the gas temperatures before and after the recombiner 
will indicate whether it is functioning and will give an indication of the ex
tent of reaction taking place. Measurement of the temperature of the gas en
tering the recornbiner is also required so that the electrical heating of the 
entering line may be adjusted. 

The cover gas is circulated by the helium eductor EG-101. Table 7.4-1 
gives data on the eductor. The eductor is powered by a stream of heavy water 
furnished by pump GA-105. The pump GA-105 is a Chempump canned rotor model, 
CFH 3 in. 600 lb, with a capacity of 7 gprn at about 153 ft of head. The pump 
is fabricated from type 316 stainless steel. The pump takes suction from the 
line· transporting heavy water from the purification system to the primary sys
tem. 

7.4.4 REACTOR SURGE VOLUME EXHAUST SYSTEM. It is anticipated that the 
cover gas in the reactor vessel may contain traces of volatile fission products 
as well as D2 and o2 • The normal exhaust path is through two filters piped in 
series, the reactor off-gas particle filter, FD-105, and the reactor off-gas 
iodine filter, FD-105A. Data concerning these filters are given in Tables 
7.4-2 and 7.4-3. 

After passing through the filters the purged gas, at essentially atmos
pheric pressure, flows into the off-gas manifold, 6 in. EV-101, shown in Fig
ure 3.25. The exhaust gas is passed through the building filter bank and is 
discharged from the stack. The effects of the exhaust gas on the environment 
is discussed in Section 11. 

The purge rate is regulated by the set points and differential gaps in 
the control valves PRCa-lOlA and PRCa-lOlB. The minimum purge rate is neces
sarily set by the helium flow into the vessel from the liquid level instruments 
LRa-101, Lia-106, and LA-102. The total normal purge rate is 0.13 scfm. 
Should the helium recirculation through the recombiner be inoperative for any 
reason, the D2 concentration in the surge volume can be maintained at less than 
1% by a purge rate of 0.3 scfm. 

The remaining items of interest on the exhaust side of the helium system 
are the reactor depressurizing valve HCe-102 and the vessel relief valves. The 
depressurizing valve (see Sections 7.2.3 and 9.5.3.4) allows rapid venting of 
the surge volume and the depressurization of the primary system in certain 
emergency situations. The large flow rate which is necessary for this service 
precludes filtering the flow in the FD-105 and FD-105A units, although the 
vented gases do pass through the building exhaust air filters before being re
leased from the stack. Environmental effects of the rapid depressurization are 
discussed in Section 11. 

The safety valves, SV-101A and SV-101B, are described in Section 5.3.5. 
They are a part of the reactor surge volume vent system, but are used only for 
emergency relief of pressure surges in the vessel. The relief valves vent into 
the off-gas manifold, bypassing the FD-105 filters for the same reason as given 
for HCe-102. 

• 
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Table 7.4-1 Data for Helium Eductor EG-101 

Manufacturer Penberthy Manufacturing Company 

Number of Stages 

Motive Fluid Data 
Fluid 
Pressure, minimum 
Temperature 
Viscosity (CP) 
Design Flow 

Suction Fluid Data 
Fluid 
Pressure 
Density 
Flow 

Discharge Pressure 
Differential Pressure 

Hydrostatic Test Pressure 

Material 

One 

D20 
Suction fluid pressure + 40 psig 
150°F 
1 
6 gpm 

Helium 
200 psig operating, 275 psig maximum 
.12 lbs/ft3 at 200 psig 
10 to 20 scfm (design - 20 scfm) ; 
flow at operating pressure will 
be 10 to 20 cfm. 
suction + 2 psi 
1/2 to 2 psi (design - 2 psi) 

600 psig 

AISI Type 316 Stainless Steel 

Table 7.4-2 Data for Reactor Off-gas Particle Filter FD-105 

Type "Micro Metallic" porous stainless 
steel 

Materials Stainless steel, type 304, 
max. carbon .06%, or type 316 

Pressure rating 300 psig 

Temperature 200°F maximum, 120°F normal operating 

Flow rating 10 scfm 

Particle Size Removal 5 micron pore opening 

Table 7.4-3 Data for Reactor Off-gas Iodine Filter FD-105A 

Type Activated carbon absorber 

Materials Container, type 304L or 316 stainless 
steel. Filter element, activated 
carbon-filled canister, replaceable 

Pressure rating 300 psig 

Temperature 200°F maximum, 120°F normal operating 

Flow rating 10 scfm 

The radiation monitor RRa-105 is installed in the helium system in line 
1-1/2 in. Pll3, and is part of the circulating flow circuit as well as part of 
of the exhaust side of the system. The monitor RRa-105 is a scintillation-type 
gamma ray detector. It is shielded against background radiation in the opera
tions level process area, and has an internal check source. The count rate 
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from RRa-105 is recorded in the control room, and activates a high level alarm 
on the annunciator panel. A detailed description of this instrument is given 
in Section 9.6.3.2. 

7.5 PRIMARY COOLANT PURIFICATION SYSTEM 

7.5.1 GENERAL DESCRIPTION. The primary water treatment system is de
signed to remove suspended particulate matter, dissolved ionic solids, and 
maintain the water at a pD of 5.0 to 5.1. A diagram of this system is shown in 
Figure 7.6. Operation at a slightly acid pD will inhibit aluminum corrosion 
(see Section 5.5.6). 

The primary coolant purification system is located below the equipment 
level floor in the northeast sector of the building (see Figure 3.3). The ves
sels for the filters and ion exchange beds are located in pits in the floor and 
the connecting piping and valves in trenches in the floor. The pits are cov
ered by 1 ft thick concrete covers and the trenches by 3 in. thick steel plate 
covers. These covers, along with the shielding integral with t~e vessels and 
the concrete and earth that surround the pits provide shielding for the system. 

A 20-ton monorail, JD-107, serves the primary coolant purification area. 
It has access to all pits and to the east end of the canal and the east truck 
lock. This monorail has sufficient capacity to lift the vessels and any auxil
iary shielding which might be necessary. 

7.5.2 FILTERS. Two filters, FD-101A and B, are employed upstream of the 
ion exchange beds to remove solids suspended in the primary coolant. One fil
ter, FD-102, is located downstream of the ion exchange beds to keep resin fines 
out of the primary system. Data on these filter are found in Table 7.5-1. 

The permanent-type cartridges which provide a mechanical support for the 
filtering medium may be removed from the filter tank, cleaned, and used again. 
The amount of exchangeable hydrogen in the filtering medium is negligible and 
will, therefore, not cause any significant degradation of heavy water. Nor
mally both FD-101 filters operate in parallel, with one filter being valved off 
only to replace its element or perform some other maintenance task. 

7.5.3 ION EXCHANGE BEDS. Downstream of the pre-filters are four nuclear 
grade ion exchange resin beds. Data for these beds, which are identical except 
for the resins, are found in Table 7.5-2. Before being installed, resin beds 
will be deuterated to prevent the degradation of heavy water with light water. 
Deuteration is accomplished by the upward displacement of H2o already present 
in the bed. The heavy water is introduced through the outlet distributor at 
the bottom of the vessel and displaces the H2o upwards. The optimum flow rate 
for minimum mixing of the two fluids is 0.08 gpm. It takes about 60 gallons of 
heavy water to deuterate a bed, and 40 to 60 lbs of heavy water is isotopically 
degraded in the process. 

Exhausted beds will be dedeuterated for recovery of heavy water before 
being sent to waste storage. Dedeuteration is similar to deuteration except 
that H2o is introduced at the top of the vessel and the D2o is displaced out 
the bottom. After the removal of the exhausted bed, the tank will be filled 
with a charge of fresh resin in the required regenerated form. 

The arrangement of piping and valves and the utilization of the pressure 
drop across the reactor vessel allows water to be diverted through (1) any sin
gle bed, (2) the two mixed beds in parallel, (3) the cation bed and a mixed bed 
in series, and (4) the cation and mixed bed combination in parallel with the 
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Table 7.5-1 Data on Filters FD-101A, FD-101B, and FD-102 

Manufacturer 

vessel O.D. 

vessel Length overall 

Vessel Volume 

vessel Closure 

Maximum Working Pressure 

Materials of Construction: 
vessel 

Gasket 

Code for vessel 
Construction 

Radiography 

Hydrostatic Test 

Filter Media 

Rated Filter Capacity 

Total Filter Area 

Pressure Drop at Rated 
Capacity: 

Clean 
Charged 

Efficiency 

other mixed bed. 

FD-101A & FD-101B 

Dollinger 

12-3/4 in. 

28-1/2 in. 

16.5 gallons 

12 in. weld neck 
flange and blind 
flange, with 
1-1/2 in. inlet 
and outlet connec
tions 

300 psig 

Stainless Steel, 
type 304, with 
0.06% max. carbon 
content 
Compressed 
asbestos 

ASME Unfired Pres
sure vessel Code, 
Case 1270N 

All butt welds 

475 psig, no leaks 

2 layers "Glastex 
GM" glass fiber 

30 gpm 

15 sq. ft 

2 psi 
20 psi max. 

92% of 2 micron or 
larger particles 

FD-102 

Dollinger 

12-3/4 in. 

46-5/8 in. 

25 gallons 

Same as 
FD-101A & B 

300 psig 

Same as 
FD-101A & B 

Compressed 
asbestos 

same as 
FD-101A & B 

All butt welds 

475 psig, no leaks 

Same as 
FD-101A & B 

60 gpm 

30 sq. ft 

2 psi 
20 psi max. 

same as 
FD-101A & B 

Periodically, the primary water will be demineralized by one or both mixed 
beds (at 20 gpm per bed) until its specific resistance is of the order of sev
eral megohm-cm. Flow through the mixed beds will then be cut off and diverted 
through the nitrate bed at about 5 gpm until sufficient nitric acid has been 
added to adjust the pD of .the primary water to 5.0 - 5.1. Upon the completion 
of acidification, flow will be diverted to the cation bed which will be oper
ated continuously at 20 gpm. Operation of the cation bed will permit contin
uous removal of radioisotopes, most of which are cationic, without removing 
the nitric acid. Additional adjustments of pD may be made whenever needed by 
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Table 7.5-2 Data on Ion exchange Beds 101A and B, 102A and B 

Manufacturer Belco Industrial Equipment Division, 
Bogue Electric Company 

vessel O.D. 18 in. 

Vessel Length exclusive of 
external lead shield 

Vessel Volume 

Vessel Closure 

Design Pressure 

Design Temperature 

Materials of Construction: 
vessel 

Gasket 

Code for vessel 
Construction 

Shielding Integral with vessel: 
Top 
Bottom 

Flow within bed 

Inlet and Outlet Piping 

Inlet Distributor 

Outlet Collector 

Volume of Resin per Vessel 

Ion Exchange Resin: 
H-101A 

(cation bed) 

H-101B 
(nitrate bed) 

H-102A and B 
(mixed beds) 

4 ft-7-3/4 in. 

7 cubic ft 

18 in., 300 psi slip-on flange with 
blind flange 

300 psig 

150°F 

Stainless steel, type 304, with 0.06% 
carbon maximum 
Pure gum rubber 

ASME Unfired Pressure vessel Code, 
Case 1270N 

9 in. lead 
6 in. lead 

Downward 

1-1/2 Sch. 40 stainless steel, 
type 316 

Eight 1/2 in. dia. holes in capped 
inlet pipe, covered with stainless 
steel, type 316, 24 x 100 Dutch 
weave Screen 

Four 3/4 in. laterals with holes 
facing down, covered with stainless 
steel, type 316, 24 x 100 Dutch 
Weave Screen, holes located 1/2 in. 
max. from top of bottom plate 

6-1/2 cubic ft 

Amberlite hydrogen form XE-77, a 
strongly acidic styrenedivinylbenzene 
type resin 
Duolite nitrate form A-30B, a weakly 
basic, epoxy-polyamine type resin 
Amberlite XE-150, a mixture of XE-77 
and hydroxide form XE-78, a strongly 
basic styrenedivinylbenzene type re
sin 

diverting primary system water through either the mixed bed to increase pD or 
the nitrate bed to lower it. 

I 
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At a pD of 5.0 the electrical specific resistance of the heavy water is 
about 0.7 megohm-cm, and the corresponding conductivity (as read on the moni
toring instruments) is about 1.4 micromho. 

Whenever circumstances require it, 40 gpm of demineralization flow can be 
obtained by diverting 20 gpm through each of the mixed beds, or the cation
mixed bed combination with the other mixed bed in parallel. A throughput of 
20-30 gpm for 12-16 hours after shutdown will reduce the Na-24 concentration 
sufficiently so that operators may work safely at the top of the reactor vessel 
during shutdowns without over-exposure to the hard gamma radiation of this iso
tope (see section 10.3.4). The bed capacity is very large: a single mixed bed 
has sufficient capacity to remove the entire fuel alloy content of a fuel ele
ment from solution. Normally, an ion bed would be expected to last at least a 
year. 

7.5.4 PIPING. The piping in the purification system is of the same qual
ity as that in the primary system, described in Section 5.3.4. In the purifi
cation system the classification T3K stainless steel tubing plays a more prom
inent part than in the primary system. 

Unlike the primary coolant system piping, which will seldom be disconnect
ed, the purification system piping is expected to be taken apart periodically 
for the removal and replacement of filters and ion exchange beds. To facili
tate this removal each filter and ion bed is equipped with an angle gate valve 
at its inlet and outlet. The piping components connected to the filter or ion 
bed are, in order, an angle valve, a short stub of piping ending in a Tyloc fe
male connector coupling (a pipe-to-tube adapter with a four piece compression 
fitting on the tube end), a run of tubing having a right angle in it, another 
Tyloc female connector, a run of pipe and a valve. The angle valve and pipe 
stub with Tyloc fitting all fit within the space described by extending the cy
lindrical portion of the vessel. 

To change a filter or ion bed, the valves on the filter or bed are closed, 
the valves at the far end of the tubing run are closed, the tubing is removed, 
and the ion bed or filter lifted out of the pit by the monorail hoist. If the 
ion exchange bed or filter is radioactive, as may be the case after the reactor 
has been operating, it will be lifted into a steel-lead shielding cask and 
transported to the area where the changing of the bed or filter will take 
place. 

7.5.5 INSTRUMENTATION. Two in-line conductivity recording instruments 
will be relied upon for continuous indication of water quality. The recorder 
for these instruments is located in the control room (see section 9.4.3.14). 
One instrument, CRa-2, located upstream of the ion exchange beds, reads the 
quality of water coming to the ion beds. It is equipped with a high conductiv
ity alarm which will warn of excessively impure water in the primary system and 
will be symptomatic of such things as fuel element rupture or the breaking down 
of one of the ion beds. The other conductivity instrument, CR-1, is located 
downstream of the ion beds and indicates the effectiveness of the primary cool
ant purification system. The conductivity instrument scales are 0-20 micromho 
(see Sections 9.4.3.14 and 9.4.4.5). 

Periodic pD measurements will be made on "grab samples" taken at either of 
two sample stations, one being upstream of the ion beds and the other down
stream. Periodic measurements of the isotopic purity of the heavy water will 
also be made on grab samples (see section 9.4.4.7). 

The fission product monitor, RRa-100 (see Section 9.6.3.l), indicates 
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fission product activity in the primary coolant, and gives an alarm for high 
activity. The indicating meter and alarm are in the control room. Responding 
only to fis&ion products, this instrument will detect any failures in the fuel 
element cladding. 

As can be seen from the schematic, Figure 7.6, the purification system is 
well supplied with pressure instrumentation. Pressure measurements will be the 
prime indications of the functioning of the system. When the pressure drop 
across a filter or ion bed increases to a certain level it will indicate that 
the equipment is becoming charged and the filter element or bed should be 
changed. Channeling in an ion bed would be indicated by an abnormally low 
pressure drop across the bed. Flow in the system is regulated by a Kates flow 
rate regulator located in the piping trench (FCi-lOlA, Figure 7.6). · 

7.6 PRIMARY SYSTEM VENTS, DRAINS, TRANSFER SYSTEM, AND STORAGE TANKS 

7.6.1 INTRODUCTION. The primary coolant system, the shutdown system, and 
the experimental facilities cooling system, are equipped with drains, vents, 
storage tanks, and transfer equipment so that they may be filled and emptied as 
needed for operational and maintenance purposes. 

7.6.2 DA DRAINS. All the process systems containing heavy water are con
nected to the DA drains. The DA drains are a system of pipes connected on one 
side to the various process systems, and on the other side to the heavy water 
storage tank FA-101. The DA drains are shown in the piping and instrument dia
gram, Figure 5.1. 

The drains are located so that the various heavy water systems may be com
pletely drained, or so that a major component, such as a cooler or pump, may be 
drained when it is valved off from the remainder of the system. The control 
rod drive seals are also connected to the DA drains. All drain connections to 
process components and systems are double blocked by two shutoff valves in 
series. 

7.6.3 AREA DRAINS. All areas containing heavy water process equipment 
are equipped with a special system of floor drains called the CD drains. The 
purpose of the CD drains is to collect and make available for reuse any heavy 
water which might leak from the process equipment. The CD floor drains in the 
process areas all discharge into the pit which houses the storage tank FA-101. 
The pit has a capacity substantially greater than the heavy water inventory. 
Should the need arise to utilize heavy water which has drained into the pit, 
the transfer pumps GA-104A and B may be connected to take suction in the pit. 

7.6.4 ~· All heavy water process systems and storage tanks are 
equipped with vents to facilitate filling, draining, and the purging of free 
water surfaces. Ultimately, all the vents of the heavy water systems discharge 
into the building exhaust system at the throat of the exhaust venturi (see Sec
tion 3.4.2). The venting of the reactor vessel, DC-101, is discussed in Sec
tion 7.4. 

The mechanical seals for the primary pumps GA-101A and B, the shutdown 
pumps GA-102A and B, the experimental facilities cooling pumps GA-103A and B, 
and the control rods drive shafts are vented to remove any heavy water in the 
vapor form which might have leaked through the mechanical seals. 

Helium from the low pressure helium system is employed as a cover gas for 
liquid free surfaces in the heavy water storage tanks FA-101 and FA-102, and 
the experimental facilities cooler, EA-102. To prevent excessive pressure in 
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the cover gas, each vessel is equipped with a pressure relief valve which dis
charges into the vent system. Occasional purging of the cover gas to remove 
volatile contaminants is accomplished manually by opening the relief by-pass 
valve at a given vessel. Gas samples are taken periodically from all vessels 
and are analyzed for deuterium content. 

Material vented from the heavy water process systems and storage tanks is 
potentially radioactive, so the vent system is designed to operate at a pres
sure lower than the surrounding atmosphere to allow only inward leakage. 

7.6.5 .Q.20 STORAGE TANKS. The HFBR has two n2o storage tanks, FA-101 and 
FA-102. Table 7.6-1 gives pertinent data on these storage tanks .• One of the 
storage tanks, FA-101, is set in a pit below the equipment floor where it is a 
low point for gravity drainage of all heavy water systems. The other storage 
tank, FA-102, is installed on the operations floor, where it is the high point 
with gravity drainage into the reactor vessel and all heavy water systems. Of 
course, FA-102 will not drain into the reactor vessel against system pressure. 
FA-102 is employed as an emergency reservoir for make-up water to the reactor 
vessel in the event of boiling and natural circulation afterheat cooling (see 
Section 7.2). The storage tanks have a combined capacity of 11,800 gallons, 
and are capable of holding the entire heavy water inventory of the plant. 

Table 7.6-1 Data on n2o Storage Tanks FA-101 and FA-102 

Design Code ASME Unfired Pressure vessel Code 

Design Temperature 150°F 

Design Pressure 103 mm Hg. abs. 

Test Pressure (hydrostatic) 137 psig 

Capacity of each tank 5,900 gallons 

Material in contact with D2o Stainless Steel, type-304 

7.6.6 .Q.20 TRANSFER SYSTEM. A n2o transfer system is required to fill the 
various process systems and to replace any heavy water lost from these systems 
during operation. The transfer system consists of the two heavy water storage 
tanks, two transfer pumps, GA-104A and B, and piping, some of which serves 
other functions as well as the transfer of heavy water. The piping in the 
transfer system is of stainless steel, to the primary system piping standard 
discussed in Section 5.3.4. 

Data on the two transfer pumps are given in Table 7.6-2. For transporting 
heavy water from one storage tank to another, and for filling of systems at at
mospheric pressure, GA-104A will deliver a great deal more than its design ca
pacity of 10 gpm. At a head of 490 feet the pump GA-104A delivers about 80 gpm 
(and even more at lower heads) • The factors limiting flow are the NPSH re
quirements and the capabilities of the pump motor. 

The high head (565 ft) on these pumps is required when they are employed 
to inject heavy water into the primary coolant system when it is at operating 
pressure. Periodically during an operating cycle some water will have to be 
injected to make up for losses at pump seals and through the fission product 
water monitor, RRa-100. The transfer pump GA-104B is belt-driven so that the 
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pump may be powered by a portable gas engine if no electrical power is avail
able. 

The transfer pumps are connected so that they can be operated either 
singly or in parallel and can take suction from either the storage tank FA-101, 
the DA drains from the primary, shutdown, and experimental facilities cooling 
systems, or the pit for FA-101. The transfer pumps can deliver heavy water to 
the primary coolant purification system and from there either to the storage 
tank FA-101 or into the primary system. The pumps can also deliver heavy water 
to the operations level where it may be directed to the storage tank FA-102, to 
the throat of the helium eductor EG-101, or to the experimental facilities 
cooling system. 

Table 7.6-2 Characteristics of the D2o Transfer Pumps GA-104A and B 

Manufacturer 

Type 

Number of Stages 

Capacity (Design) 

Differential Pressure (Design) 

Differential Head (Design) 

Discharge Pressure 

Normal Suction Pressure 

Max. Suction Pressure 

Motor Power 

Shaft Seal 

Drive 

Materials 

7.7 LOWER PIT GAS SYSTEM 

GA-104A 

Chem pump 

Centrifugal 
canned rotor 

TWO 

10 gpm 

269 psi 

565 ft 

270 psig 

1 psig 

270 psig 

20 KW (27 hp) 

canned rotor 

Direct Coupled 

Stainless steel, 
type-316 

GA-104B 

Sier-Bath 

External gear 

One 

10 gpm 

269 psi 

565 ft 

270 psig 

1 psig 

270 psig 

10 hp 

Mechanical 
seal 
(TWo John Crane 
type DBL-T-9BT 
and two John 
Crane type 
A-9T-1875-119 
(T98) with 
type J-SC-895 
closure) 

V-belt 

Stainless 
steel, type-316 

The atmosphere in the reactor pit up to the pit seal floor at elevation 
130 ft-8 in. is carbon dioxide gas at a pressure 3/8 to 1/2 in. water gauge be
low atmospheric. The co2-filled space includes the inner portions of the beam 
tubes, the shutter cases, the 1 in. space between the thermal and biological 
shields, and the various pipe tunnels to elevation 107 ft-3 in., as well as the 
intermediate pit region above the upper thermal shield. The total gas volume 
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is about 1200 ft 3 , with 133 ft 3 of this being in the high neutron flux region 
around the reactor vessel. The various pipe tunnels and the beam tube plugs 
are arranged to prevent co2 from escaping from the pit. Figure 10.l shows an 
elevation of the shield in this area. 

The co2 atmosphere is provided in the high radiation field areas to ex
clude air. The obnoxious components of the air are argon-40, nitrogen, and 
water vapor. The A-40 is activated under thermal neutron irradiation, giving 
the beta and gamma emitter A-41, of 109 minute half-life. The nitrogen and 
water vapor could form traces of nitric acid in the radiation field. The ni
trogen is also a source of C-14 from the n-p reaction in N-14. 

3 The co2 is supplied from a 12 cylinder manifold (capacity 2640 standard 
ft ) locatea near the truck entrance on the equipment level. Pressure regula
tors, a flowmeter, and shutoff valves are located at the manifold. A 1-1/2 in. 
pipe connects the manifold to the bottom of the thermal shield. The low point 
in this line is connected to a drain and vent manifold by a 1-1/2 in. stainless 
steel line. These connections are shown in Figure 3.25. A pressure tap, sam
ple line, and block valve are located in the vent and drain line upstream of 
the manifold. Should any water leakage occur in the reactor cavity, it will 
drain from the bottom of the thermal shield through this drain line. A leak 
detector sensing point will detect the presence of water at this drain. 

A slow purge of co2 from the reactor cavity is accomplished by connecting 
the area above the thermal shield to the exhaust venturi through a 1-1/2 in. 
vent line. A sample station for monitoring the cavity atmosphere is located in 
the exhaust line. The environmental effects of the cavity purge are discussed 
in Section 11.1.4. 

During normal reactor operation a 0.2 to 0.4 cfm flow of C02 is introduced 
into the reactor cavity. 3since the gas has a low dew point (-50°F; water con
tent <l x 10-5 lbs a2o/ft co2 ) any rise in water content of the routine gas 
samples will be indicative of air or water leakage into the cavity. If the 
small, once-through sweep proves inadequate, a drier and gas recirculation 
equipment can be added. 

During beam tube insertion and removal, building air (70°F., 50"fe RH) from 
the experimental level will leak into the cavity. As soon as the cavity is re
sealed, co2 is introduced slowly into the cavity to displace the moist air and 
restore the normal atmosphere. 

7.8 FUEL HANDLING 

7.8.l SUMMARY DESCRIPTION. Fuel handling for the HFBR involves not only 
the movement of fuel in and out of the reactor, but the procurement and dry 
storage of new fuel as well as the wet storage and shipment of irradiated fuel. 

The fuel, as purchased from the manufacturer, arrives at the reactor site 
in critically-safe containers. Inspection of the new elements includes a di
mensional check in a functional fit device and a hydraulic flow test. Follow
ing these tests, the fuel will be stored in a vault until such time as it is 
needed for reactor use. Fuel elements will be moved from the vault to the re
actor just prior to charging in the reactor. 

Fuel will be discharged from the reactor following a 12 to 24 hour cooling 
period after a shutdown. The water level in the vessel is raised and the cover 
gas purged to remove tritium-bearing vapor. The reactor vessel is opened, the· 
discharge chute uncovered, and the tritium containment structure set in place. 
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An exhaust line connects this structure to the building off-gas system, remov
ing airborne contamination and cooling fuel elements as they are moved from the 
vessel to the discharge chute. A pickup tool is suspended from an indexing 
mechanism located above the fuel handling shutters. These lead-filled shutters 
provide a closure for the 22-5/8 in. diameter fuel handling opening through the 
biological shield top plug. The pickup tool is positioned over and engages the 
element. This operation is observed through a periscope from outside the pit. 
The element is lifted out of the reactor, moved to the discharge chute by a 
pneumatically operated slide in the tritium containment structure, and is drop
ped to the canal below. Figure 7.7 and 7.8 show this equipment. 

In the canal the element is placed in a temporary storage rack. Subse
quently the elements are moved one at a time to a cut-off saw where the inlet 
tube and the lower supporting section are removed. The shortened fuel boxes 
are then placed in storage racks for the cooling period prior to shipping. Af
ter about 270 days the elements are loaded in a cask for shipment to the repro
cessing plant. 

7.8.2 NEW FUEL STORAGE. A storage area for new fuel has been provided on 
the operations level. This vault is an enclosed area of ab9ut 324 square feet 
with the walls made of reinforced concrete, cement blocks, and the steel dome 
of the building. The ceiling is formed from number 8 gauge wire mesh supported 
on a channel steel framework. A pair of steel panel doors allow access to the 
room. The size of the vault is based on the need to store a two year supply of 
fuel, or about 500 fuel elements in a critically-safe array. The storage rack 
array is designed so that criticality can not occur even if the vault were 
flooded with water (7.8). 

To conserve space, 168 fuel elements are hung vertically in 3 rows, each 
two elements wide and two elements high. A steel framework made of 10 in. 
channels, and 8 in. I-beams support an arrangement of 21 sheet metal boxes in 
each row. The boxes have 14 cells each and are constructed with 2 removable 
cover plates (each of which cover 7 cells) • Located above these boxes is a 
row of steel pins from which the fuel elements are supported. The elements are 
hung in the inverted position from the lower column section, with the active 
fuel section located in the steel boxes. The cover plates are bolted into 
place to retain the elements. Each row of elements in this arrangement is 
about 12 ft high, 14 ft long, and 11 in. thick, and is separated from the next 
row by a distance of 4 ft. 

7.8.3 FUEL DISCHARGE - SPECIAL EQUIPMENT 

7.8.3.1 Indexing Mechanism. This equipment provides the means for accu
rately locating a lifting tool (pickup head) over any fuel element in the core, 
grappling the element, and raising it to the discharge position above the reac
tor vessel. To accomplish these functions, two electrically powered carriage 
units provide rectilinear horizontal motion, and a take-up reel, mounted on the 
upper carriage, provides vertical motion for the lifting head. 

A fixed frame unit is made from 2-1/2 in. steel angles to form a rectangu
lar base 52 in. by 63 in. The frame is mounted above the shutters on the pile 
top. Two gear racks, accurately located and parallel to within .030 in., are 
fixed to the frame. The spur gears of the longitudinal carriage ride these 
gear racks and are powered through a common shaft. The longitudinal carriage 
is a rectangular weldment of 2 in. steel angles, 19-3/4 in. by 48 in., and has 
a gear rack and an inverted v-rail mounted on it to carry the upper carriage. 

The upper carriage is a 16 in. by 20 in. weldment made of 2 in. steel 
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angles carrying a turntable which is mounted on thrust bearings. The turntable 
is rotated by means of a worm wheel and mating worm drive shaft. The turntable 
supports the take-up reel with its drive motor. The driving power for the upper 
carriage is transmitted through the spur gear wheels while the V-grooved wheels 
serve to guide the carriage. The axles on each of the carriages are mounted in 
pillow block bearings and are powered by Bodine motors with gear reducers. 

The drive motors are controlled from a panel located near the fuel han
dling periscope. Limit switches prevent override of travel. The lifting head 
can be accurately maneuvered from the control panel with its movements viewed 
by the Operator. 

7.8.3.2 Fuel Handling Shutters. The fuel handling system requires that 
the shielding cover on the 22-5/8 in. top plug opening be easily removed and 
replaced. To fill this requirement, two moveable lead-filled shutters are 
mounted on the pile top. Each of the shutters is a steel weldment filled with 
lead, weighing about 6500 lbs, with an effective shield thickness of 12 in. of 
lead. In the closed position, the two shutters together are 48 in. wide and 
56-7/8 in. long. The shutters are mounted on a heavy steel base plate which is 
bolted to the top plug structure. 

The 2 in. thick steel base plate has a 22-5/8 in. diameter hole to match 
the fuel handling access opening in the reactor shield. The base plate is cir
cular, 84 in. in diameter, and has two parallel steel bars (rail beds) on which 
are mounted inverted V-tracks that support the shutters. Four of the bolts 
that hold the central shield plug are extended to hold down the base plate. 

The rail beds and center block are bolted in a fixed position on the base 
plate. The shutters, mounted on V-grooved wheels, move along these rails and 
in the open position expose the fuel handling access port. Both mating shutter 
faces have grooved cableways with rollers that permit the passage of the air 
hose and cable which supports the pickup tool. The mating faces of the shut
ters are machined to permit them to close together with no more than a 1/16 in. 
wide gap. The minimal opening, together with the 90° bend, reduce to an ac
ceptable level the radiation streaming from a fuel element suspended above the 
reactor vessel during the discharging operation. 

A containment shell, made of 1/2 in. steel plates bolted together and to 
the rail beds, surrounds the shutters. Welded to the top inside edges of this 
structure are retainer bars with a cross section of 3/4 in. x 2 in. Four 8 in. 
I-beams are bolted to these retainers to support the indexing mechanism above 
and to strengthen the hold-down structure. 

The shutters are individually driven by 3/4 hp electric motors through 
chain and sprocket drives to lead screws and drive nuts. These motors are 
mounted on the outer faces of the end containment plates. They are reversible 
units with brakes attached to reduce override. Limit switches are located at 
each end-travel position. The motors are controlled from the control panel at 
the fuel handling periscope. In the event of a power failure, the shutters can 
be moved by removing the drive chain and turning the lead screw by a hand 
crank. 

7.8.3.3 Tritium Containment Structure. The tritium containment structure 
serves to contain gaseous radioactive material from the fuel handling process 
and to support several pieces of equipment. The tritium containment structure 
confines to a relatively small area the contaimination caused by the lifting 
tools withdrawn from the reactor during the discharge of spent fuel. The air
borne contamination is removed by an exhaust system to the building filters 
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with final discharge to the stack. Environmental effects of the discharge are 
discussed in Section 11.1. 

The tritium containment structure is made of aluminum sheet metal formed 
over a framework of structural members attached to a base plate. Wheels pro
vided for moving the structure are retractable. The upper portion of the con
tainment shell telescopes to allow a seal to be made between the ceiling of the 
room and the containment structure when it is in position over the vessel top 
and discharge chute. A door in the wall of the containment structure is pro
vided for access to the equipment within. The air hose and support cable from 
the indexing mechanism above extend through this structure to the pickup tool. 
A 300 watt lamp in a moisture-proof fixture illuminates the internal area of 
the structure. 

A supporting mechanism for the cooling air bonnet is mounted in the upper 
portion of the tritium containment structure. A moveable bracket is mounted on 
stationary polished steel rods with linear ball bushings for low friction. The 
bracket carries spring-loaded reels from which the air bonnet is suspended by 
steel cables. 

The air bonnet is coupled to the off-gas manifold by a flexible hose. It 
is shaped to receive the lifting tool, with a fuel element attached, as the 
tool and element are raised out of the vessel. With the tool and element drawn 
up into the air bonnet, 200 cfm of air are pulled through the element to cool 
it. The air hose and support cable of the lifting tool pass through the air 
bonnet, and through the center of the support bracket above. When the indexing 
mechanism on the pile top moves laterally, the air hose and cable of the lift
ing head act on the bonnet support mechanism, causing it to slide along with 
the hose. 

A slide is located below the bonnet support frame, at the vessel end of 
the tritium containment structure. The slide is hinged at the upper end, and 
is actuated by an air piston. The slide normally hangs in a vertical position, 
well clear of the vessel top opening. When moved by the piston, the slide 
forms a funnel over the discharge chute with the walls of the containment 
structure. 

The lifting head is supported by an air hose with a steel cable imbedded 
in it. The head has spring-loaded ears which engage the holes in the top of 
the fuel element. Air pressure is applied to an air cylinder in the head to 
retract the ears, either for engaging a fuel element or for releasing it. 

7.B.3.4 Periscopes. The fuel handling system is arranged so that all 
movements of the fuel in and out of the reactor can be observed by the Operator 
controlling the equipment. To make this possible two periscopes are provided, 
the tritium containment periscope and the vessel periscope. 

The tritium containment periscope is provided to penetrate the 4 ft of 
biological shielding and extend a scanning head into the tritium containment 
structure which encloses the vessel top and the discharge chute. This area is 
well lighted by a 300 watt lamp. With this periscope the movement of fuel ele
ments from the vessel to the discharge chute can be observed by the Operator. 

Because of the high radiation level which exists when an element is in the 
tritium containment structure, a design using an off-set of 3 ft in the peri
scope was chosen. This moves the observer away from a direct line-of-sight 
beam of radiation. In addition to this precaution, lead shielding is placed 
around the off-set section of the periscope on the pile top. 

I 
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The tritium containment periscope is 3 in. in diameter and 11 ft in 
length. For convenience in handling and storage, the scope is made in two sec
tions joined together by a coupling in the central region of the 3 ft horizon
tal section. The periscope has interchangeable eyepieces which give the ob
server a choice of l or 2-1/2 power. The scanning head is a fixed prism with a 
30° field of view which can be rotated through 95° and is controlled by rota
tion of a knurled knob at the eyepiece. 

The periscope has sealed windows at the ends of each section and an "O" 
ring seal at the coupling joint. With these provisions the periscope can be 
pressurized with nitrogen or dry air to prevent internal contamination or ac
cumulation of moisture. 

The vessel periscope allows the Operator to view the fuel elements in the 
core of the vessel and direct the movements of the lifting tool as it is used 
to grapple an element. This periscope is made up in ten sections having an as
sembled length of 27 ft-7 in. The upper sections (including the eyepiece and 
3 ft offset) are similar to those of the tritium containment scope described 
above. The lower sections, which penetrate the vessel, are movable over a dis
tance of 2 ft and are connected to the vertical section at a 37° elbow. An 
adjustable length section joins the upper portion to this elbow. Lighting in 
the vessel is provided by submersible, radiation-resistant lamps. 

7.8.4 FUEL DISCHARGE - PROCEDURES 

7.8.4.l Sequence of Equipment Installation. Following a reactor shutdown 
a 12-24 hour cooling period will elapse before discharging any fuel. This time 
will be utilized for the installation of the special equipment needed during 
the fuel handling operation. The sequence of steps in installing the fuel han
dling apparatus is given below. The control rods are all fully inserted and 
one shutdown pump is operating throughout the shutdown. The reactor control 
console is locked down. During the fuel handling period an Operator is on duty 
at the console, and the neutron instrumentation is in operation. 

l. The manhole in the top biological shield is opened. The electrical 
control panel is connected to the various components and the fuel handling 
shutters opened. 

2. The two openings are monitored by Health Physics personnel for air
borne contamination and radiation levels. Following this inspection similar 
checks are made in the reactor pit area. The off-gas line in the pit, used 
during the fuel handling operation, can be utilized to sweep the area of any 
air-borne contamination. 

3. When the surveys are completed and conditions are found to be satis
factory, operations personnel will enter the pit area, dressed in appropriate 
clothing, and remove the top from the reactor. Special underwater lights will 
be lowered into the reactor and the vessel temporarily covered to minimize 
evaporation. 

4. One of the periscope nozzles will be opened and the underwater por
tions of the fuel handling vessel periscope will be installed. The upper parts 
of this periscope are set in location by Operators outside the biological 
shield. After joining these two parts the cable drive is attached to the mov
able section in the vessel. 

5. With the vessel periscope in place the reactor is once more opened, 
the discharge chute cover removed and the tritium containment structure moved 
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into position and bolted down. The off-gas line is connected to the contain
ment structure and to the cooling air bonnet. Power is also connected to the 
lamp inside the structure. 

6. The air hose is lowered into the containment structure and the pickup 
tool attached. The upper section of the containment structure is sealed 
against the ceiling of the room and secured. The tritium containment periscope 
is lowered into place and all equipment is checked for proper operation. 

7. All personnel withdraw from the pit area and the manhole is closed. 

7.8.4.2 Discharqe Procedure. During the discharge operation, personnel 
will be assigned as follows: two men will be at the canal to check the fuel 
elements and move them immediately to the stainless steel rack for the storage 
of uncut elements. One man will be located at the fuel handling vessel peri
scope and will operate the panel controlling the pickup tool, shutters and 
discharge slide. A fourth man will use the tritium containment periscope and 
assist as necessary throughout the operation. The discharge sequence is as 
follows. 

1. A final check of equipment is made. 

2. The pickup tool is lowered into the vessel and the first element to be 
discharged is grappled and raised to a height just clear of the core. At this 
elevation the air hose is positioned to allow the fuel handling shutters to 
close about it. After the shutters are closed, the element is raised to a 
point just below the surface of the heavy water. 

3. At this height the progress of the element is seen through the tritium 
containment periscope. The element is raised clear of the vessel, engaging the 
cooling air bonnet as it rises to the full-up position in the tritium contain
ment structure. The slide is actuated, moving the element sideways to line up 
with the discharge chute. 

4. The element is released from the pick-up tool and slides down the dis
charge chute to the canal. The element enters the water and comes to a stop in 
the retard section of the chute. Operators at the canal move the element to 
the storage rack by hand grappling tools. 

5. The Operator at the control panel maintains communication with the 
Operators in the canal area and verifies the disposition of each element be
fore removing the next element from the reactor. 

This procedure will be repeated until the 14 burned-up elements to be re
moved at each normal shutdown have been discharged to the canal. 

7.8.4.3 Fuel Rotation. The discharging of fuel from the reactor core and 
the rotation or movement of elements within the core follows a predetermined 
pattern. In general, the 14 core-edge elements are discharged from the reactor 
in the manner just described. With these elements removed from the core the 
fourteen remaining central elements are shifted to new positions. 

Before moving the 14 central elements the following preparations must be 
made. The manhole is opened and the pit area monitored by Health Physics per
sonnel to check radiation and contamination levels. Operations personnel then 
remove the tritium containment periscope. The two men assigned to the pit area 
move the tritium containment structure aside and secure the cover over the dis
charge chute. A long handled grapple is lowered through the open fuel access 
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port into the reactor vessel. 

Fuel elements are moved individually from central core positions to the 
peripheral positions with the grappling tool. As each element is relocated a 
record is made of the movement and the orientation of the element in the core 
is checked visually. 

During the rotation of fuel the grappling tool is not removed from the 
vessel. The Operator handling the tool stands at the top opening of the ves
sel, looking at the illuminated core through the water. If it is necessary to 
use a viewing box to give undistorted vision through the surface of the water, 
the box will be tethered and will have a colored portion to make the box visi
ble under water. 

7.8.4.4 Charging New Fuel. The fuel elements to be charged into the re
actor are removed from the storage vault and are moved to the top of the reac
tor. The tritium containment structure is placed over the reactor vessel with 
the access door open. Fuel elements are passed one at a time from the top of 
the shield to an Operator in the pit. Each element in turn is attached to the 
lifting head and is lowered to the core where it is charged into the proper po
sition. This procedure is monitored by the Supervisor who is able to watch the 
charging operation through the vessel periscope and maintain a record of the 
loading. At normal shutdowns 14 new elements are loaded. 

Upon completing the loading, the tritium containment structure is moved to 
the side of the pit. A count is made of all tools and equi_pment used through
out the fuel handling process. The top of the vessel may be temporarily set in 
place while the vessel periscope is removed and the nozzle cover bolted in 
place. A final inspection is made of the vessel and the underwater lights re
moved. The reactor cover is then secured for the next operating cycle. 

7.8.5 SPENT FUEL STORAGE 

7.8.5.1 Description of Canal. The canal is located on the equipment lev
el to the east of the shielded cells. The building drawings, Figures 3.1, 3.2, 
and 3.3 show the canal. 

The canal is 8 ft wide, 43 ft long, and 20 ft deep. There is a side 
branch which is 8 ft wide, 10 ft long, and 20 ft deep on the north side. The 
depth of the canal is increased to 30 ft at the west end, for a length of 8 ft-
6 in. The discharge chute from the reactor pit enters the canal at the west 
end, with the lower end of the chute under water. The canal is of reinforced 
concrete construction, integral with the foundation mat of the building. Walls 
and floors are 3 ft thick. On the inside of the canal, the floors are finished 
with white hard-trowelled cement mortar. The walls are covered with 3/8 in. 
thick, 6 in. x 9 in. white, glazed, vitrified tile set in cement mortar on a 
gunite cement surface layer. Tile joints are filled with white Portland ce
ment, waterproofed with 10% hydrated lime. The top edges of the canal are fit
ted with a 6 in. x 6 in. stainless steel angle for protection. 

When filled, the canal will hold some 68,000 gallons of water. The deep 
pool is normally covered by an aluminum framework which supports a mat of alu
minum subway grating, making the working depth throughout the canal 20 ft. 

7.8.5.2 Canal Cleanup svstem. A water cleanup system circulates the ca
nal water through the filter bed FD-201, the heat exchanger EA-202, and the 
purification unit BG-201 (see Figure 5.1). This system keeps the water clear 
for good visibility and removes the fission product afterheat from the spent 
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fuel elements. The circulating flow is driven by the canal pump, GA-202, at a 
maximum rate of 200 gpm. The full flow passes through the ejector, EE-101, and 
the filter unit. The ejector unit takes suction on a floating skinuner which 
collects debris from the surface of the water. About 25 gpm is passed through 
the purification unit BG-201. Pump suction lines and the return lines to the 
canal are located along the length of the canal to insure adequate turnover of 
the water in all areas. 

Makeup water to the canal is drawn from the purification unit BG-201. A 
liquid level instrument, LA-307, with high and low level alarms in the control 
room monitors the water level. Floor drains in the canal area and drains from 
the clean-up system process equipment are all routed to the D waste system. 

The canal cooler, EA-202, is identical to the biological shield cooler and 
pertinent data on the unit is given in Table 7.10-2 in Section 7.10. The canal 
water is carried in the tube side of EA-202. The shell-side fluid is domestic 
cold water from the break tank, H-305, ~t an inlet temperature of 55°F. The 
shell-side flow rate is 50 gpm, and the heat removed with the canal fully 
loaded with spent elements is 510,000 Btu/hr. The canal water temperature is 
90°F. 

7.8.5.3 Discharge Chute. Spent fuel enters the canal at the west end 
through the discharge chute, which is a stainless steel pipe 12 in. in diameter 
and 54 ft long. It extends from the top of the reactor vessel (floor of the 
fuel handling room) through the heavy concrete of the biological shield to the 
canal. The top flange of the discharge chute is located at an elevation of 
137 ft-6 in., close to the reactor vessel. The lower end is located under 
9-1/2 ft of water at elevation 83 ft-0 in., as shown in Figure 7.9. 

7.8.5.4 Retard Chute. The retard chute is a 15 ft length of stainless 
steel pipe, 12 in. in diameter, bent to an 8 ft radius. At the upper end a 
conical section 6 in. long overlaps the discharge chute to give a smooth en
trance. The lower portion has been machined to remove a half-diameter for a 
length of 7 ft to permit removal of an element. In addition, two slots 2 in. 
wide x 15 in. long allow an operator to probe with a handling tool inside the 
curved portion of the chute. The retard chute is shown in Figure 7.9. 

The retard chute has a supporting bracket which attaches to a hanger lo
cated on the stainless steel lip above the deep pool. The lower end of the 
chute is supported 4 ft above the canal floor by a framework welded to the 
chute. The pads under this frame are adjustable for leveling. 

The retard chute slows the elements dropped through the discharge chute to 
a stop at the unloading station end. The design of the retard chute insures 
control of the dropped elements, with easy access by grappling tools for fur
ther handling in the canal. 

7.8.5.5 Temporary Storage Rack. As fuel is discharged from the reactor 
to the canal the elements are placed in a storage rack specifically designed to 
hold full length fuel elements. The storage rack is a stainless steel egg
crate weldment formed of 1 in. thick plates. The rack has 30 cells, each 3-7/8 
in x 3-7/8 in. in cross section and 24-1/2 in. high. The rack is supported 
24 in. above the canal floor by legs which rise vertically from the supporting 
base, as can be seen in Figure 7.10. An expanded metal guard is placed over 
the rack preventing the movement of fuel elements within a 12 in. buffer zone 
surrounding the rack. 

A critical approach was run to experimentally verify that the rack will 
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hold 30 elements without danger of criticality. The approach was carried out 
in light water to a full loading of 30 fresh fuel elements by the Critical Ex
periment Group, and showed a multiplication of less than 2 even at this maximum 
loading. 

7.8.5.6 Long Term Storage. The storage of full-length fuel elements for 
an extended period of time is economically impractical because of the size and 
cost of all equipment. The inactive portions of the element are therefore re
moved from the fuel box section by sawing off the inlet tube and the lower 
column sections. This work is done under water. The fuel box sections are 
placed in fuel baskets made of .125 in. thick 1% boron stainless steel. The 
fuel baskets are of two sizes, one holding 4 cut elements and the other 6 ele
ments, as shown in Figure 7.11. The cell array in the baskets is 2 x 2 for the 
4 element basket and 2 x 3 for the 6 element basket. Once a fuel basket is 
loaded with cut elements, those elements remain in the basket through the stor
age period in the canal. The loaded baskets are eventually placed directly in 
the shipping casks, so that the cut elements are not removed from the baskets 
until they reach the processing plant. Each basket will be tested by the Cri
tical Experiment Group for boron content, and will be suitably marked. 

The fuel baskets are stacked in rows in the long term storage racks, which 
have a capacity of 224 cut elements. There is room in the canal for racks with 
storage room for 276 additional cut elements. The racks are designed to hold 
the cut elements (in the baskets) in four rows, each two elements wide. The 
areas between rows, and a buffer zone along the canal walls, have a covering of 
expanded metal panels which prevent the movement of fuel in these areas. Each 
rack will hold 56 cut elements in a total of 12 baskets, as shown in Figure 
7.11. Evaluation of the criticality problem shows that this arrangement is 
safe (7.9). The arrangement of equipment and racks in the canal is shown in 
Figure 7.12. 

The storage rack is made of aluminum angles and stands 3 ft-6 in. high 
with the fuel baskets supported 2 ft above the canal floor. The rack is 28-3/4 
in. wide, which allows room for the placement of 3 fuel baskets in each row. 
The over-all length of the rack is 7 ft-9-1/2 in., which spaces the four rows 
of elements 14 in. apart with an 11 in. space along the canal wall. 

7.8.5.7 Shipping cask Loading. An area at the east end of the canal is 
reserved for the loading of cut elements in baskets into the shipping casks. A 
shock mat protects the canal floor in this area. The shipping casks are lower
ed into the canal in this area, one at a time. The casks are open for this op
eration. 

The fuel baskets (two 4 element baskets and one 6 element basket) are put 
in the cask and the cask cover set in place. The cask is then lifted from the 
canal, washed, and removed from the building. 

The transportation of spent fuel elements to the reprocessing plant will 
be consistent with health and safety (nuclear and conventional) requirements of 
the pertinent AEC Manual Chapters and ICC regulations. The shipping casks will 
be approved and a Bureau of Explosives permit will be issued for each shipment. 

7.8.5.8 Overhead Cranes, Monorails, and the Canal Bridge. The canal area 
is serviced by two overhead travelling cranes. A two ton electric travelling 
bridge crane spans a width of 16 ft and runs 64 ft along the canal. The runway 
conductors are the insulated type, protected to prevent electrical injury when 
using long metallic handling tools over the canal. This crane is a general 
purpose unit servicing the entire canal area. 
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In addition to the bridge crane, a 20 ton monorail hoist with motor-driven 
trolley services the canal along a centerline path. This crane not only tra
verses the full length of the canal but makes a 180° turn on an 11 ft radius 
so that it follows a path parallel to the canal. The monorail has a lift of 
36 ft with a hoist speed of 10 to 12 ft/min. The runway conductors, like those 
of the bridge crane, are of the insulated bar type. 

Movement of moderate loads such as baskets of fuel will be handled by the 
2 ton unit. Shipping casks, which weigh approximately 15 tons, will be moved 
with the 20 ton monorail equipment. The monorail is located to permit a truck, 
entering the building through the lock, to park directly under it. This fea
ture will reduce the handling time and costs of spent fuel shipping. 

Work in the canal is made easier through the use of a rolling bridge which 
spans the 8 ft width of the canal. It is electrically driven and travels the 
length of the canal on stainless steel angles. This bridge serves as a working 
platform, making it possible to work directly over any area of the canal. Un
derwater lights are suspended from the bridge so that direct illumination is 
available for all areas. Bridge movement is controlled by the Operator stand
ing on the bridge. 

7.9 THERMAL SHIELD COOLING SYSTEM 

7.9.1 DESCRIPTION. The thermal shield cooling system consists of circu
lating pumps, valves, heat exchangers and an expansion tank connected to the 
cooling circuits in the thermal shield to remove the heat generated by radia
tion absorption. There are three parallel circuits, each having its own flow 
measurement. Flow to two of the circuits is adjusted by hand valves. These 
are the circuit to the coils imbedded in the lower thermal shield lead layer 
and the circuit to the upper thermal shield. Circulation to the lower thermal 
shield main ci~cuit may be adjusted by the circulating pump discharge valves. 
Figure 7.13 shows the cooling system flow diagram. The coolant is light water. 

The total water inventory in the thermal shield cooling system is 1350 
gallons. The detailed inventory amounts are given in Table 7.9-1. 

Table 7.9-1 Water Inventory in the Thermal Shield Cooling System 

Lower thermal shield 

Upper thermal shield 

GA-201A and B 

FA-201 (operating level) 

EA-201 

Piping, including lower shield 
cooling coil assemblies 

TOTAL 

350 gal 

100 

20 

32 

303 

--2..1.2. 
1350 

7.9.2 WATER QUALITY. The thermal shield cooling system fluid is demin
eralized light water. It is processed through the clean-up system BG-201 be
fore entering the thermal shield system. The quality of the water is measured 
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at the conductivity meter CR-6 at a point where the three parallel circuits 
have joined. 

A small side stream is passed through 
tern to maintain the quality of the water. 
the pressure difference across the thermal 
purification system consists of filters, a 
remove oxygen. 

the thermal shield purification sys
The purification stream is driven by 
shield pumps, GA-102A and B. The 
mixed bed deionizer, and a bed to 

7.9.3 COOLANT EXPANSION AND PRESSURE LIMITS. Temperature changes of the 
system will cause corresponding changes in volume. An expansion tank, FA-201, 
of 78 gallon capacity has been provided to accommodate these changes in volume. 
A pressure-vacuum relief valve, SV-201, protects the expansion tank from system 
pressure surges. The valve SV-201 has a low pressure set point of .125 psi 
vacuum and a high pressure set point of 2 psig. 

7.9.4 WATER FLOW RATE REQUIREMENTS. The system is designed to operate on 
full flow from one of the two pumps, GA-201A and B, with the other standing by 
as a spare. The required total flow rate is 830 gprn, with 700 gprn to the lower 
thermal shield, 100 gprn to the upper thermal shield, and 30 gprn to the cooling 
coils in the lower shield. However, the exact flow required in each circuit 
will depend on several things: the total pressure drop of the system against 
which the pump operates, the power level of the reactor, the radiation flux 
within the thermal shield, and the resultant temperature of the various sur
faces of the thermal shield as surveyed by a number of thermocouples installed 
on these surfaces. The possibility exists that the desired temperature distri
bution within the thermal shield may not develop with one pump operation. In 
this event both pumps will have to be used. Maximum flow rates in the three 
parallel circuits will be established prior to operation of the reactor. Once 
the reactor has operated at a significant power level for a period of time suf
ficient to evolve the temperature pattern, flows will be adjusted in each cir
cuit to keep these temperatures within design limits. 

7.9.5 CORROSION. Although this system is largely constructed of carbon 
steel, it is expected that corrosion will be a minor problem because the water 
used will be kept at high purity and oxygen will be removed. Corrosion pro
ducts will be removed from the system in the purification system. 

7.9.6 MECHANICAL EQUIPMENT 

7.9.6.l Thermal Shield Circulating Pumps. The two pumps, GA-201A and B, 
used in the thermal shield cooling system are of the vertical, one stage, cen
trifugal type designed for in-line installation. Table 7.9-2 summarizes infor
mation on these pumps. 

Power for the thermal shield pump motors is derived from a 440 volt, 3 
phase breaker in motor control center MCC-1. A disconnect switch with a green 
pilot light to signify that the power is off is mounted adjacent to each motor. 
Normally one of the pumps is running. The selection of the running pump and 
the standby pump is made on two 3-position selector switches mounted on the 
reactor control console. The selector switches have three positions, "hand
off-auto". When one of the selector switches is set on "hand" and the other on 
"auto", the pump on "hand" position will run continuously and the one on "auto" 
will start up automatically in the event the running pump fails. It is possi
ble to run both pumps by placing both selector switches in "hand" position. 

7.9.6.2 Thermal Shield Cooler. The thermal shield cooler, EA-201, is a 
"U" tube type mounted horizontally. Although this heat exchanger is of high 
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Table 7.9-2 Characteristics of the Thermal Shield Cooling System Pumps 
GA-201A and B 

vendor Pacific Pumps, Inc. 

Flow Data 
design 
test 

Impeller 

RPM 

Motor 

NPSH at rated flow 

Materials of Construction 

Code 

Seals 

800 gpm at 47 ft 
800 gpm at 51 ft 

11-3/4 in. diameter, enclosed type 

1185 

Louis Allis, 15 hp, 3 phase, 440 volts 

4 ft 

Case of nodular iron, impeller of 
cast iron, shaft of AISI 414 chrome
moly steel, wear parts of AISI 
416 stainless steel 

API, Standard 610 

One per pump, similar to seal used 
in the primary pumps and described 
in Section 5.3.2 

quality it does not have the same leak tightness requirement as do the heavy 
water coolers in the primary, shutdown, and experimental facilities cooling 
systems. The channel and tube bundle were pressured to 150 psi with fluores
cent dye added to the test water and no leaks were detected. The shell side 
was then pressured to 150 psi with fluorescent dye added to the test water and 
again no leaks were detected. After the cooler was completely assembled, both 
sides were pressured to 150 psi. This test was held for one hour with no leaks 
detected. 

As noted in Section 7.9.4, it may be necessary to operate both pumps to 
develop the design temperature distribution in the thermal shield. The flow 
rate in this case may be above the cooler design level. To provide for this 
situation, a bypass around the cooler has been installed. The bypass performs 
another service: with the reactor shut down and low temperature water arriving 
from the cooling tower, it allows control of the cooler outlet water tempera
ture. (The same thing can be accomplished, of course, by throttling the cool
ing tower supply valve.) Table 7.9-3 summarizes data on the cooler. 

7.9.6.3 Valves and Piping. All va1ves and piping used in the thermal 
shield cooling systems are designed to comply with the ASA Code for Pressure 
Piping, B31.3. The piping and valves were tested hydrostatically after instal
lation for a period of time long enough to detect any existing leaks. 

7.9.6.4 Expansion Tank. The thermal shield expansion tank, 
constructed of carbon steel, ASTM A-285, Grade c, Flange Quality. 
lindrical tank 20 in. outside diameter and 61 in. in length, with 
pacity of 78 gallons. The bottom outlet is to the thermal shield 

FA-201, is 
It is a cy

a total ca
and the top 

I 
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Table 7.9-3 Data on Thermal Shield Cooler EA-201 

Vendor Southwestern Engineering Co. 

Shell side fluid demineralized H2o 
Tube side fluid cooling tower water 

Rated flow, normal service 
Shell side 
Tube side 

Design temperature 

Operating temperature 
Shell side in 

out 
Tube side in 

out 

Design pressure 
Shell side 
Tube side 

Operating pressure 
Shell side 
Tube side 

Heat transfer rate 
Clean 
Service 

MTD (corrected) 

surf ace 

Rated Heat exchanged 

Pressure drop at rated flow 
Shell side 
Tube side 

Pressure drop at 120% of 
rated flow 

Shell side 
Tube side 

Materials of construction 
Tubes (780, 3/4"xl4 B.W.G.) 
Shell 
Tube sheet 
Channel 
Channel cover 
Closure design 

Code requirements 

700 gpm, 2D°fo overdesign 
400 gpm, 2D°fo overdesign 

150°F 

125°F 
112°F 

85°F 
108°F 

75 psig 
75 psig 

5 psig 
45 psig 

2 
400 Btu/hr-ft2-°F 
180 Btu/hr-ft -°F 

17.3°F 

1600 ft2 

5,000,000 Btu/hr 

4 psi 
5 psi 

5 psi 
7 psi 

Steel 
Steel 
Steel 
Steel 
Steel 
All closures are gasketed joints ex
cept tube to tube sheet joints are 
rolled 

ASME, Section VIII, 1959 TEMA 
Class C 

outlet is to the safety valve SV-201 which vents to the off-gas system. A 
sight glass for level indication is installed at the central section of the 
tank. The tank was fabricated by the Richmond Engineering Co., Inc., and was 
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hydrostatically tested at 220 psig with no leakage. 

7.9.7 INSTRUMENTATION 

7.9.7.l Flow Meters. There are three flow meters in the thermal shield 
cooling system. One, FRa-201, monitors the coolant flow in the inner and outer 
annulus of the lower thermal shield. The second, FI-207, monitors flow in the 
coolant coils imbedded in the lead layer of the lower thermal shield. The 
third, FI-202, monitors flow to the upper thermal shield. FRa-201 is a flow 
recorder installed in instrument panel #4 in the control room, and FI-207 and 
FI-202 are flow indicators installed in panel #4 in the control room (see Sec
tion 9.4). 

7.9.7.2 Water Temperature Meters. The meter TR-5 measures the tempera
ture of the thermal shield cooler outlet water and is recorded as Point #5 on 
TR-1-12 in instrument panel #2 in the control room. The instrument TRa-6 meas
ures the outlet temperature of the composite water from all three parallel 
cooling circuits and is recorded as Point #6 on TR-1-12 in the control room. 
Point #6 has a switch which is set to actuate an alarm tab on the annunciator 
panel to indicate high temperature. The set point for the alarm will be deter
mined during the start-up experiments from observation of the temperature dis
tribution in the shield. An initial value of 131°F will be used for the start
up experiments. 

7.9.8 EFFECT OF LOSS OF COOLANT FLOW ON REACTOR SAFETY AND ON THE THERMAL 
SHIELD. Loss of coolant flow in the thermal shield does not constitute a haz
ard to the reactor. The thermal shield must have coolant flow when the reactor 
is running, so that the loss of coolant flow initiates a setback of the reac
tor. A two out of three setback logic is formed from the two pump breakers and 
FRa-201. Each of these is annunciated in the control room. For the normal one 
pump operation the logic becomes one out of two. If the loss of flow is caused 
by a failure of the running pump, the second pump will start. As soon as pro
per flow has been re-established the setback condition will be terminated and 
the operator can take steps to bring the reactor back to power. 

In the event of the loss of both thermal shield pumps the reactor will 
continue in setback condition until all control rods are fully inserted. More 
likely the operator will recognize the trouble as being unsolvable in the re
latively short time before setback has reduced the power level to zero and he 
will scram the reactor. The effect of the loss of coolant flow with the re
sulting setback of the reactor has been studied and the maximum temperature 
differential between adjacent plates in the thermal shield found to be within 
the design limits (see Section 10.2.4). 

7.10 BIOLOGICAL SHIELD COOLING SYSTEM 

7.10.1 DESCRIPTION. The biological shield cooling system provides the 
means of removing heat generated in the beam port shutters, the beam port 
plugs, and the biological shield. The system is divided into three parallel 
loops. Demineralized light water is circulated by one of two pumps, GA-203A 
and B, and heat is removed by a single cooler, EA-203. The heat removed from 
the biological shield coolant is dissipated to the atmosphere via the cooling 
tower system. Figure 7.14 shows the piping and instrument diagram for the bi
ological shield cooling system. The biological shield system piping and pro
cess components are constructed of stainless steel. 

The three parallel circuits supply coolant to the beam port shutters, the 
beam plugs, and the biological shield cooling coils. Details of these 

I 



7 35 

components are given in Section 8,2.3 for the shutters and plugs and in Section 
10.3 for the shield cooling coils. The three loops have separate flow meters 
and control valves for flow regulation. 

The biological shield cooling system is connected to the setback mode of 
the reactor safety system through a two out of three logic from the two pumps 
and the shutter loop flowmeter, Fia-203. With only one pump normally in opera
tion, the setback logic becomes one out of two. Other flowmeters and tempera
ture indicators give alarms on the control room annunciator panel for off-nor
mal process conditions. 

The total volume of the system is 340 gallons. The normal flow rate for 
one pump operation is 205 gpm, with 100 gpm to the shutters, 75 gpm to the beam 
plugs, and 30 gpm to the concrete cooling coils. Make-up water to the system 
is supplied by the light water purification unit, BG-201. A small side stream, 
driven by the pressure drop across the circulating pumps, is passed through the 
biological shield purification system to maintain the water quality. The puri
fication system consists of filters and a mixed bed deionizer. 

Volume changes in the coolant due to temperature expansion are accommo
dated in the surge tank, FA-203, mounted on the operations level. The tank has 
a total capacity of 28 gallons. 

7.10.2 Circulating Pumps GA-203A and B •. The biological shield system 
pumps GA-203A and GA-203B are normally operated with one pump running and one 
on standby. Electrical power is supplied to the pump motors from a 440 volt, 
3 phase breaker in motor control center MCC-1. A disconnect switch is mounted 
at each motor, with a green pilot light to signify that power is off to that 
unit. The pumps are controlled from two 3-position switches on the console in 
the reactor control room. These switches have the standard "hand-off-auto" po
sitions. The running pump is selected and turned on by setting its selector 
switch to "hand". The other pump is put on automatic standby by setting its 
switch to "auto". If the operating pump shuts down the standby pump is auto
matically turned on. During the switch-over time the flow in the loop de
creases and the reactor goes into setback. As soon as flow is reestablished by 
the second pump the setback condition is cleared automatically and the operator 
can bring the reactor back to power. If the second pump fails to come on, the 
reactor continues in setback until all control rods are fully inserted. 

Pressure gauges are installed in the pump discharge lines. Suction and 
discharge valves are installed so as to allow maintenance work on one pump 
while the other is in operation. 

Table 7.10-1 gives data on the pumps and motors. 

7.10.3 BIOLOGICAL SHIELD SYSTEM COOLER, EA-203. The biological shield 
system cooler is a duplicate of the canal cooler. A bypass has been installed 
around it to carry about half of the 205 gpm system flow. This is necessary 
because the biological shield system has a high flow rate but a low heat rate. 
Thus, the small cooler is adequate for the heat load, but not for the full flow 
rate without excessive pressure drop. Data pertaining to the biological shield 
system cooler is given in Table 7.10-2. 

7.10.4 FLOW METERS. The flow meters in the three parallel circuits 
transmit 3-15 psi pneumatic signals proportional to the various flow rates to 
indicators and alarm units in the reactor control room. The shutter and beam 
plug circuit flowmeters Fia-203 and Fia-204 are differential pressure instru
ments while the concrete cooling coil loop flowmeter Fia-205 is a variable area 
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Table 7.10-1 Characteristics of Biological Shield Cooling System Pumps 
GA-203A and B 

Vendor Pacific Pump Co. 

Type Single state, vertical, centrifugal 

Size 3 in. x 10-1/2 in. 

rpm 1175 

Rated capacity 200 gprn 

Rated head 49 ft 

NPSH at rated head 2. 97 ft 

Material of construction 

Seal 

Code 

Motor 

case, impeller are stainless steel, 
type 304 

One per pump, similar to seal used in 
the primary pumps and described in 
section 5.3.2 

API, Standard 610 

Louis Allis, 5 hp, 3 phase, 440 volts 

Table 7.10-2 Characteristics of Biological Shield System Cooler EA-203. 

Manufacturer Graham Manufacturing Co. 

Type Graham Heliflow, size 20 x 4C-24L 

Shell side fluid Cooling tower water 

Tube side fluid Deionized water 

Rated flow, shell side 

Rated flow, tube side 

Design temperature 

Operating temperatures 
Shell side, in 
Shell side, out 
Tube side, in 
Tube side, out 

MTD (corrected) 

Operating pressures 
Shell side 
Tube side 

Pressure drops (normal) 
Shell side 
Tube side 

Heat transfer rate (service) 

Rated heat exchanged 

Surface 

80 gprn 

240 gprn 

l50°F 

85°F 
88.8°F 
95. 3 °F 
94°F 

7.1°F 

45 psig 
20 psig 

5 psi 
5 psi 

263 Btu/hr-ft2-°F 

150,000 Btu/hr 
2 80.5 ft 

I 



Table 7.10-2 (cont'd) 

Design pressures 
Shell side 
Tube side 

Test pressures 
Shell 
Tube 

Design temperatures 
Shell 
Tube 

Materials of construction 
Tubes 
Manifold 
Shell 
Shell cover 
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75 psig 
75 psig 

115 psig 
115 psig 

150°F 
l50°F 

stainless steel, type 304 
stainless steel, type 304 
cast iron 
cast iron 

type of instrument. The orifices and differential elements of Fia-203 and Fia-
204, as well as the tube, float, and fittings of Fia-205 are constructed of 
stainless steel. 

The signal from the shutter loop flowmeter, Fia-203, is indicated and 
alarmed (for low flow) in the control room and is used in addition as one part 
of a two out of three setback logic circuit. The other two parts of the logic 
system are the signal contacts on the circulating pump breakers. With the nor
mal single pump operation expected for this system, the logic reduces to one 
out of two for setback. 

The signals from the plug and shield loop flowmeters Fia-204 and Fia-205 
are indicated in the control room and are alarmed for low flow. The alarms 
from these instruments, as well as that from Fia-203 appear on the control room 
annunciator panel. 

The flowmeter FI-206 is a locally-indicating instrument which is used to 
measure the purification side stream when BG-201 is being used instead of the 
biological shield purification system. 

7.10.5 EXPANSION TANK AND WATER LEVEL INSTRUMENTS. The expansion tank, 
FA-203, is a stainless steel vessel of 28 gallon total capacity mounted on the 
operations level. The water level in the expansion tank is monitored by a 
sight glass and by the level instrument Lia-203, with high and low level alarms 
in the control room. The expansion tank cover gas is air at atmospheric pres
sure. The tank is vented to the building exhaust system. 

7.10.6 TEMPERATURE INSTRUMENTS. Thermocouples are installed in the cool
ing water supply line to the shutters and in the cooling water return line from 
the three parallel loops. Both of these thermocouples send signals to a multi
point recording potentiometer in the control room. Point #11 (TRa-11), which 
records the outlet water temperature from the three loops, is equipped with a 
switch which actuates a high temperature alarm on the annunciator panel in the 
control room. 

7.10.7 VENTS AND DRAINS. The system is vented at the expansion tank, by 
valves in the inlet and outlet lines of the shutter loop, and by a vent valve 
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in the discharge line from the concrete cooling coils. At start-up, it will be 
necessary to vent the cooling coils by allowing the water to carry over air in 
the coils so it will eventually escape through the surge tank. Thorough vent
ing of the system is necessary to avoid the possibili~y of an air block which 
might lead to low flow in one of the loops. Drainage of the system is accom
plished by opening drains at the pump bodies. These drains are connected to 
the D waste system. Other drains leading to the D waste system are provided on 
either side of the cooler. 
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